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Dedication 


To our wives and families, 

Who are the reasons for any of our accomplishments 
Who have taught and aided us 
In much of what we know and do 


In Memoriam 


It is with great sadness that we announce the passing of Louis D. Van de Kar, 
Ph.D., Department of Pharmacology and Experimental Therapeutics, 
Loyola University of Chicago, USA. Luke died on September 4, 2004, after 
a fight with cancer. Luke was a pioneer in research on serotonergic control of 
stress hormone release. He then applied this pioneering research approach to 
study the molecular biological mechanisms responsible for the therapeutic 
effects of serotonin-specific reuptake inhibitors in the brain. Luke was a 
tremendously helpful and influential mentor to his students, colleagues, and 
friends. He will be greatly missed by all of us. 


Two are better than one, 

Because they have a good reward for their labor. 
For if they fall, one will lift up his companion, 
But, woe to him who is alone when he falls, For 
he has no one to help him up. 

- Ecclesiastes 4:9 


Preface 


Many recent discoveries in both the laboratory and the clinical setting have 
rapidly increased our understanding of sleep medicine and neuroendocrinol¬ 
ogy. These are being continually reported in various neuroendocrine and sub¬ 
specialty journals as well as in dedicated sleep publications. Sleep medicine is 
thus becoming increasingly interdisciplinary while other areas of neuro¬ 
science and endocrinology are beginning to take an interest in the subject of 
sleep. A parallel development is that these fields are now reorganizing them¬ 
selves at higher levels of complexity. The consequence of these phenomena is 
that for the researcher who is interested in the various facets of sleep physi¬ 
ology, it is becoming increasingly challenging to assimilate—let alone to 
master—the relevant findings in each of these fields. 

Neuroendocrine Correlates of Sleep! Wakefulness summarizes and reviews 
many of the major new discoveries concerning neuroendocrine correlates of 
sleep/wakefulness. We have endeavored to select a limited number of out¬ 
standing contributions from chosen experts in their respective fields. The goal 
of the volume is to present the more recent developments in the fields of sleep 
and neuroendocrinology and to provide a context for considering them both 
in depth and from a multidisciplinary perspective. This volume thus brings 
together the knowledge and expertise of sleep specialists, neuroscientists, cli¬ 
nicians and basic researchers, neuroendocrinologists, and biological rhythm 
researchers. 

We appreciate that an exhaustive review of the field would run the risk of 
becoming an unwieldy tome that would undermine the final objective of cre¬ 
ating a practical and useful resource. It has been our goal to provide a con¬ 
cise yet comprehensive review of the expanding and increasingly 
interdisciplinary area of sleep medicine. It is our hope that readers will find 
that this effort represents a thoughtful balance of basic experimental and 
clinical viewpoints, and further that this will serve as a foundation for under¬ 
standing and ultimately treating sleep disorders. 

Inasmuch as we envision continuing updates and new editions of this vol¬ 
ume, readers are encouraged to contact us with any thoughts or suggestions 
for revisions. 


Daniel P. Cardinali 
Department of Physiology 
Faculty of Medicine 
University of Buenos Aires 


ARGENTINA 


S.R. Pandi-Perumal 
Section of Sleep Medicine 
Department of Neurology 
SUNY Downstate Medical Center 
New York, USA 
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Basic Sciences 


The Developmental Regulation 
of Wake/Sleep System 

Pingfu Feng 


Sleep associated with a high frequency of phasic activities, particularly 
muscle twitches, dominate the daily life of altricial mammals and human 
neonates. “Active sleep” is the term that has been used to describe 
these behavioral phenomena in the neonatal rat, cat and rabbit in 
comparison to the sleep state without phasic activities, which is called “quiet 
sleep”. 1 

Rapid eye movements (REMs) are recorded during active sleep but rarely 
during quiet sleep. Thus, visually-scored active sleep is roughly the state of 
REM sleep. However, a small portion of visually-scored active sleep (i.e., 
behaviorally “active” sleep) may show high-amplitude EEG at postnatal day 
(PN) 10 or older in the rat if recorded by a polygraph. This type of sleep is 
first called “half-activated sleep” but is mostly scored as slow-wave sleep or 
non-REM (NREM) sleep. 12 This suggests that the term of “REM sleep” is 
better than that of “active sleep” in distinguishing the difference between 
REM sleep and non-REM sleep in matured mammals including human, and 
the usage of active sleep should be limited to describe the sleep state in the 
neonatal period. 

Developmental features of sleep-wake states include: 1) very high per¬ 
cent (> 70%) and dramatic decrease of REM sleep (active sleep) progres¬ 
sively replaced by wakefulness and NREM sleep; and 2) a high frequency 
and progressively decrease of phasic activities. The active (voluntary) 
behavioral activity during the wake state significantly increases as waking 
time is prolonged. Simultaneously, brain plasticity indicated by the adult 
effect of neonatal drug treatment or environmental alteration dramatically 
decreases. 3 

One amazing feature of neonatal REM sleep is that it has its highest per¬ 
centage shortly after birth and then decreases as maturation proceeds 
(Figure 1). According to Jouvet-Mounier et al., the neonatal rat spends 72% 
of time in REM sleep in the first ten days of life and this percentage dra¬ 
matically drops to 40% or less during the second week. 4 

By the end of the second week, about one-third of time is distrib¬ 
uted almost equally into each state of wake, REM sleep and NREM sleep 
according to our study using a long-term, continuous polysomnographic 
recording method. 5 Over the third and fourth week, REM sleep continues to 
decrease and reaches to the level (14%) observed in adulthood by the end of 
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Figure 1. Evolution of sleep-wake states in the first month of life and the adulthood 
in the rat. REM sleep dominates daily life in the first postnatal week. Waking without 
eyes open is about 30% or less. NREM sleep, however, is almost zero during this 
period of time. Thereafter, REM sleep is dramatically decreased while wake and 
NREM sleep increase. REM sleep is about 70% in neonatal rats and about 7-8% in 
adult ones. Figure is re-drawn from Jouvet-Mounier D, Astic L and Lacote D. Dev 
Psych 1970; 2:216-239 and Feng P, Bergmann BM, Rechtschaffen A. Brain Res 1995; 
703:93-9. 


the fourth week. 15 Thus, REM sleep drops 80% over the first month of life. 
In addition, there is a decrease in the number of REM sleep episodes, mean 
REM period duration, and the number of sleep-onset REM periods. REM 
latency (the time from wakefulness to the first epoch of REM sleep) also dra¬ 
matically increases during this period. All of these changes are closely corre¬ 
lated with changes in age and in brain maturation in particular. It may be 
important the number of REM episodes and the mean duration of each 
REM period decrease together. Thus, propensity to initiate REM sleep 
episodes and the propensity to sustain REM sleep episodes decrease monot- 
onically from age two weeks to age four weeks. 5 6 

Quiet sleep, used to describe a sleep state without phasic movements in the 
first two weeks of life, is behaviorally and polysomnographically identical to 
adult NREM sleep. 1 The actually-scored NREM sleep, however, includes the 
part of half-activated sleep, which comprises a small portion of total NREM 
sleep. 12 This type of sleep is almost non-existent in the first week and 
increases to about 15% in the second week. By PN 12, NREM sleep is iden¬ 
tified by high-amplitude EEG, and increases, rapidly paralleling the increase 
of wakefulness. Newborn rats do not open their eyes until PN 14. Before PN 
14, the wake state is identified by “behavioral” criteria such as walking and 
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eating without eyes open. This state is only 10-30% in the first two weeks of 
life. Similar to REM sleep development, all states develop to a near-adult 
level by the end of the fourth week. 1 

Phasic muscle twitches are one of the major REM activities in the neonate 
and also comprise the prominent neonatal behavior. A similar feature is 
found not only in rats but also in other rodents and the human as well. The 
period that shows frequent muscle twitches is the first four weeks in the rat 1 , 
the first forty days in the kitten 2 and the first 8 months in the human new¬ 
born 7 . In humans, this feature is also typical in the premature fetus. 8 Phasic 
muscle twitches appear primarily during REM sleep but also in a small 
portion of NREM sleep, i.e., the “half-activated” sleep. 1 The rate of muscle 
twitches is only 1.5/min and 0.3/min during quiet sleep compared to the 
rate of 7.5/min and 3/min during REM sleep at the same age in PN 10 and 
PN 20 kittens respectively. 2 The number of phasic events dramatically 
decreases as animals mature. 2 ’ 3 ’ 7 9 It is of interest to note that the dramatic 
reduction of phasic activities in REM sleep is associated with the increase of 
wakefulness. 


1. Neuronal Regulation of Wakefulness in Neonates 

1.1. Hypocretinergic (Orexinergic) System 

Recent studies in adults indicate that hypocretins are critical for the mainte¬ 
nance of wakefulness. 10 Microdialysis perfusion of hypocretin-1 (also called 
Orexin A) in both the basal forebrain 11 and brain stem increase wakefulness 
in freely behaving adult rats. 12 Fos expression in hypocretin neurons corre¬ 
lates positively with the amount of wakefulness and negatively with the 
amounts of non-REM and REM sleep. 13 The majority of hypocretinergic 
neurons express c-fos during active waking. 13 In rat brain slices of centrome- 
dial nuclei and rhomboid nuclei in the thalamus, hypocretin depolarizes and 
excites all neurons tested through a direct postsynaptic action. 

Hypocretin-1 and Hypocretin-2 (also called orexin B) are synthesized in 
neurons of the perifornical region and the lateral hypothalamus. Fibers of 
these neurons innervate most brain regions including brain stem and basal 
forebrain, cortex and spinals 1415 and act through Hypocretin-1 and 
Hypocretin-2 receptors. Local application of Hypocretin-1 in basal fore- 
brain 11 or LDT/PPT 12 increases wakefulness dramatically. Hypocretin-2, 
which is lacking in narcoleptic dogs, 16 has strong and direct excitatory effect 
on the cholinergic neurons of the contiguous basal forebrain. 11 Hypocretin-1 
promotes both quiet and active waking but hypocretin-2 promotes active 
waking only. 17 

Hypocretinergic neurons may not be functionally active in neonatal rats. 
The prepro-orexin mRNA is nearly undetectable in the lateral hypothalamic 


6 Pingfu Feng 


area (LHA) from PN 0 to PN 15. Hypocretin-1 and hypocretin-2-like 
immunopositive cells and fibers were not detected from days PN 0 to PN 10, 
but are observed after PN 15. The prepro-orexin mRNA in the LHA dramat¬ 
ically increased between PN 15 and PN 20, and reached adult level after three 
weeks. 

1.2. Serotonergic System 

As discussed in other chapters, serotonergic neurons are widely involved in 
the regulation of sleep/wake states, behavioral and basic physiological activ¬ 
ities. These neurons are located in the raphe nucleus project widely to 
the entire central nervous system and act via release of 5-hydroxytryptamine 
(5-HT). 5-HT dorsal raphe nucleus (DRN) neurons fire at their highest rate 
during wakefulness, at a lower rate during non REM sleep, and completely 
cease to fire during REM sleep. 18-21 Extracellular level of 5-HT in DRN 22 , 
medial medullary reticular formation, 23 PPT/LDT, 24 hippocampus 25 and 
frontal cortex 22 exhibited the similar pattern, i.e. the highest in waking, the 
lower in slow-wave sleep and the lowest in REM sleep. 5-HT DRN activity is 
involved more in the promoting wakefulness than in suppressing REM 
sleep. 26 ’ 27 

At the highest concentration tested, however, REM sleep occurred directly 
after waking, as in narcolepsy. 27 5-HT DRN neurons are locomotor activity 
dependent. 2829 5-HT DRN neurons cease firing by disfacilitation during 
REM sleep. 30 Atonia induced by electrical stimulation of the pontine 
inhibitory area and gigantocellular reticular nucleus causes a reduction in the 
activity of the LC. 29 

At least fifteen subtypes of 5-HT receptors have been identified. 31 5-HTla 
receptor is an inhibitory autoreceptors situated on the cell body as well as the 
dendrites of 5-HT DRN neurons. 32 5-HT reuptake is regulated by 5-HT trans¬ 
porter (5-HTT), which is widely distributed throughout the rodent brain. 33-35 
5-HT transport capacity is regulated by transporter phosphorylation and 
sequestration involving protein kinase C. 

Phosphorylation and sequestration of the 5-HTT are substantially 
impacted by the occupancy of ligands, such as 5-HT and antidepressants. 
This occupancy prevents PKC-dependent 5-HTT phosphorylation. 5-HT 
plays a facilitatory role in activating the cortex through the activation of 
5-HT2A receptors on thalamocortical neuronal terminals and thereby 
increases glutamate release, which in turn activates cortical neurons as 
demonstrated y an increase of c-Fos expression. 36 

Systemic administration of 5-HT2a receptor agonist, DOI, significantly 
decreases neocortical high-voltage spindle activity, and this effect may be 
blocked by different 5-HT2 receptor antagonists. 37 Thus, upregulation of 
5-HT DRN neurons or an increase in systemic 5-HT is likely to activate 
cortical neurons via the activation of 5-HT2A receptors on the terminals 
of thalamocortical neurons and thereby increases glutamate release. 36 
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Brain levels of 5-HT are very low in neonatal rats and increase markedly 
after the second postnatal week. 38 However, different brain regions show a 
different developmental profile of serotonin level. 39 

In the brain stem, serotonin gradually rises from embryonic day (E) 15 to 
levels seen in the adult by PN 32. 40 Binding of serotonin to rat brain mem¬ 
branes increased linearly from birth to adulthood, but newborn receptor 
densities were already 39% of adult levels. 41 

The circadian rhythm of hypothalamic 5-HT content exists in PN 12-, PN 
23-, PN 27 and in adult rats. 42 Tryptophan hydroxylase is the rate-limiting 
enzyme in the synthesis of serotonin. During development, brain tryptophan 
hydroxylase activities increase. Tryptophan hydroxylase messenger RNA lev¬ 
els in the DRN increased 35-fold between El8 and PN 22, then decreased by 
40% between PN 22 and 61. Tryptophan hydroxylase messenger RNA 
expression in the nucleus raphe obscuris increased 2.5-fold between PN 8 
and 22. 43 

Thus, developmental alterations of hypocretinergic and serotonergic sys¬ 
tems are consistent with the facts that wake percentage is much less in the 
early age and progressively increased as rats mature and that REM sleep dep¬ 
rivation leads to a significant increase of wakefulness in adult but not in 
neonates. 3,44 This evidence implicates that these two neural systems play an 
important role in promoting wakefulness in adult as well as in neonatal 
mammals possibly including human. 

2. Neuronal Regulation of NREM Sleep 

Adenosine is a ubiquitous neuromodulator that increases sleep, particularly 
high amplitude NREM sleep, and suppresses wakefulness. Many of these 
effects are mediated by A1 receptors and are thought to be functioning in the 
basal forebrain. Microdialysis perfusion of A1 receptor antisense in the basal 
forebrain significantly reduced NREM sleep with an increase in wakefulness. 
After 6 hours of sleep deprivation, the antisense-treated animals spent a sig¬ 
nificantly reduced amount of time in NREM sleep, and an even greater post¬ 
deprivation reduction in delta power (60-75%) and a concomitant increase in 
wakefulness. 45 Adenosine perfusion into the basal forebrain increased the rel¬ 
ative power in the delta frequency band, whereas higher frequency bands 
(theta, alpha, beta, and gamma) showed a decrease. 46 The neuronal activity 
of wakefulness-active neurons in the magnocellular basal forebrain, are the 
highest discharge activity during wakefulness, showed marked reduction in 
activity just before and during the entry to NREM sleep. The adenosine con¬ 
centrations in the basal forebrain were increased following prolonged wake¬ 
fulness. This suggests that the reduction of wake related discharges is due 
to an increase in the extracellular concentration of adenosine during 
wakefulness. Adenosine acts via the A1 receptor to reduce the activity 
of wakefulness-promoting neurons. 47 
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About 30% of orexin-containing neurons were labeled with adenosine A1 
receptor protein. The data supports the presence of adenosine A1 receptors 
on orexinergic neurons and suggests a possible substrate for a functional role 
of adenosine in the regulation of orexinergic activity. 48 One study reports 
that adenosine agonist cyclohexaladenosine injected into the medial pontine 
reticular formation of the rat induces a long-lasting increase in rapid eye 
movement sleep. The A1 mechanism operates at a different locus possibly 
through an inhibition of GABA neurotransmission. The A2a mechanism 
requires the cholinergic system and may act through the increased release of 
acetylcholine. 49 

The availability of extracellular adenosine depends on its release by trans¬ 
porters or by the extracellular ATP catabolism performed by the ecto- 
nucleotidase pathway. Major metabolic enzymes for adenosine, adenosine 
deaminase, adenosine kinase, ecto- and cytosolic 5'-nucleotidase exhibited 
diurnal variations in their activity in most tested brain regions. Activity of 
adenosine deaminase increased during the active period in the ventrolateral 
pre-optic area but decreased significantly in the basal forebrain. Enzymatic 
activity of adenosine kinase and cytosolic-5'-nucleotidase was higher during 
the active period in all brain regions tested. 50 Significant diurnal variation in 
enzyme activities was noted in the cortex and the basal forebrain brain areas. 
Adenosine kinase and both nucleotidases showed their lowest activity in the 
middle of the rest phase, suggesting the level of adenosine metabolism is 
related with activity and may be associated with the lower level of energy 
metabolism during sleep compared to wakefulness. 51 In the central nervous 
system, an increase in neuronal activity enhances energy consumption as well 
as extracellular adenosine concentrations. In most brain areas high extracel¬ 
lular adenosine concentrations, through A1 adenosine receptors, decrease 
neuronal activity and thus the need for energy. Adenosine seems to act as a 
direct negative feed-back inhibitor of neuronal activity. In addition to the 
immediate effects, high extracellular adenosine concentrations also induce 
intracellular changes in signal transduction and transcription, e.g. increase in 
A1 receptor expression and NF-kappa B binding activity. These changes may 
at least partially mediate the long term effects of prolonged wakefulness. 
Adenosine may also be a common mediator of the effects of several other 
sleep-inducing factors. 52 

The developmental progression of the adenosine system begins in the 
embryo. Adenosine A receptor mRNA was detected at E 14 and receptors at 
El8. A1 mRNA levels increased from the level reached at El8 between PN 3 
and PN 14 (maximally a doubling), whereas A receptors increased later and 
to a much larger extent (about 10 to 19 fold) postnatally. 53 ’ 54 Adenosine A2A 
receptors were low in newborn and increased four-fold to adulthood in mul¬ 
tiple brain regions. In contrast to the large increase in A2A receptors, there 
was a decrease in the levels of A2A messenger RNA during the postnatal 
period. 54 This is consistent to the occurrence of NREM sleep during devel¬ 
opmental period, which showed the earliest appearance at PN 10-12 and 
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progressively increased, and reached to adult level at the end of the first 
month in rats. 1 However, adenosinergic activity may not be crucial for the 
occurrence of NREM sleep since that neonatal REM sleep deprivation is 
able to easily generate large amount of NREM sleep at the age that there is 
no detectable natural NREM sleep. 3 


3. Neuronal Regulation of REM Sleep 

Cholinergic laterodorsal and pedunculopontine tegmental (LDT/PPT) neu¬ 
rons have been shown to be responsible for the generation of REM sleep in 
the adult mammal. 

Within the pontine reticular formation, the signal transduction pathway 
activated by the muscarinic cholinergic receptor m2/m4 contributes to cholin¬ 
ergic REM sleep generation. Cholinergic neurons in the LDT/PPT projec¬ 
tions to cholinoceptive medial pontine reticular formation (MPRF) neurons 
to provide Ach. 55-58 LDT/PPT neurons fire tonically during wakefulness and 
increase firing before and throughout REM sleep. 59 60 LDT/PPT neurons can 
be defined phenotypically based on the presence of the Ach synthetic 
enzyme, choline acetyltransferase (ChAT) and by the presence of vesicular 
acetylcholine transporter (VAChT). Muscarinic cholinergic receptors have 
been identified in at least 5 subtypes (M1-M5). M2 autoreceptors regulate 
Ach release within the MPRF and the signal transduction pathway modu¬ 
lated by m2/m4 receptors participate in cholinergic REM sleep generation. 
The content of Ach is also regulated by VAChT, a presynaptic protein located 
on the vesicle membrane. Normal REM sleep generation requires VAChT in 
presynaptic terminals of LDT/PPT neurons. Blocking VAChT binding site of 
vesamicol receptor by intracerebroventricular injections of vesamicol 
decreases the amount of Ach released from presynaptic terminals 6162 and 
inhibits REM sleep in rat and cat. 63 ’ 64 

Cholinergic receptor ml/m3/m5 subtypes are coupled to stimulatory G pro¬ 
teins, which stimulate phospholipase C. The m2/m4 subtypes are linked to 
inhibitory G proteins, the major type of G protein present in mammalian 
brain. 65 The signal transduction cascade modulated by m2/m4 subtypes 
involves-inhibition of adenylate cyclase, a decrease in cyclic adenosine 
monophosphate (cAMP) production, and subsequent inhibition of protein 
kinase A (PKA). 66 Stimulation of PKA leads to phosphorylation of serine 
and threonine residues of various intracellular proteins such as ion channels, 
receptors, G proteins, and synthetic enzymes. Phosphorylation of these pro¬ 
teins leads to the alteration of neuronal excitability, the synthesis and release 
of neurotransmitters, and changes in receptor sensitivity. 

Rat PPT neurons are capable of responding to stimulation and treatment 
with cholinergic drug when tested at the age of PN 12 and PN 21. 67 This 
indicates that the cholinergic system may play a role in REM sleep regulation 
in neonates similar to that of adulthood. Compared with REM sleep in 
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adulthood, REM sleep in neonates is 10 times higher in rats 1 and 5 to 8 times 
higher in human. 68 Provided that REM sleep and its phasic activities are 
driven by certain neuronal or humoral systems, the functional indication of 
this system, such as the level of the transmitters or the density of receptors 
or critical enzymes involved in this mechanism, should have a developmental 
pattern similar to that of REM sleep, i.e., showing the highest level in the 
neonate and then progressively decreasing as maturation proceeds. In fact, 
brain levels of Ach and acetylcholinesterase (AchE) activity are low in 
neonates and gradually increase. 

The Ach level attains adult values at PN 70 and AchE activity shows a 
rapid increase between the PN 7 and PN 30. 69 The time course of the increase 
in ChAT activity correlates negatively to the amount of REM sleep or pha¬ 
sic activities after birth. 70 None of M1-M5 receptors in the brain regions of 
cortex, hippocampus, basal forebrain and striatum exhibits the changing 
pattern comparable to that of REM sleep. 71 ' 75 

Ml receptors are expressed at 31% of adult levels, M2 receptors at 32% 
of adult levels, M3 receptors at 36% of adult levels, and M4 receptors at 
20% of adult levels in PN 3 to PN 4. The combined M2/M4 receptor den¬ 
sity increases at a uniform rate during development from 173 to 757 
fmol/mg. 72 Furthermore, application of muscarinic receptor antagonist, 
atropine, in neonatal rats suppressed REM sleep at PN 14 and PN 20 but 
not PN ll. 76 These observations suggest that cholinergic function may not 
be the major driving force to the high percentage of REM sleep, but rather 
plays a critical role in the executive generation of REM sleep during the 
neonatal period. 

Other neural systems, such as serotonergic, dopaminergic, noradrenergic, 
GABAergic and hypocretinergic systems are all involved in the regulation, 
particularly inhibition, but not promotion of REM sleep. 77 ' 79 Adenosinergic 
neurons are recently identified to promote NREM only. 80 Glutamate is one 
of the major excitatory neurotransmitters in the brain and exhibits choliner¬ 
gic LDT/PPT exciting effect. 81 However, it does not stimulate cholinergic 
PPT neurons in the rat between PN 12 and PN 21. 67 Thus, there is still lack of 
evidence to address the drive for the high percent of REM sleep in neonatal 
period. 


4. A Candidate Driving Force for Neonatal REM Sleep 

Above discussion suggests that cholinergic neurons may not be the causal for 
the high percentage of REM sleep in the neonatal period, because the devel¬ 
opmental patterns of the cholinergic neurotransmitters and receptors do not 
show a positive correlation to the change of REM sleep over the develop¬ 
mental period. One interesting piece of evidence is that corticotrophins 
releasing hormone (CRH) mRNA expression does exhibit such a develop¬ 
mental correlation. 
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CRH is a 41-amino acid peptide, which plays an important neuroendocrine 
role in the regulation of the hypothalamic-pituitary-adrenal (HPA) axis, 82 
and is involved in the coordination of various responses to stress. 83 ' 85 It acts 
via the secretion of ACTH, which stimulates the release of adrenal glucocor¬ 
ticoids. 

In the brain, CRH induces different autonomic, electrophysiological and 
behavioral effects, indicating that this peptide can serve as a neuromodula¬ 
tor. 86 ’ 87 CRH neurons are located in the hypothalamic paraventricular 
nucleus (PVN) and have the highest activity and secretion in the beginning of 
the life. 

Birth in most animal species is triggered by the fetus through activation of 
the fetal HPA axis. 88 CRH binding shows the highest level in the first week of 
birth and decreases significantly in the hippocampus and striatum from PN 
7-21J 89 CRH receptor mRNA in hippocampal CA1, CA2 and CA3a increases 
to 300-600% of adult levels by PN 6 with a subsequent decline. In the amyg¬ 
dala, CRH receptor mRNA abundance increases steadily between PN 2 and 
PN 9, to levels twice higher than those in the adult. In the cortex, CRH recep¬ 
tor mRNA levels are high on PN 2 and are decreased to adult levels by PN 
12. 90 The high levels of CRH and CRH receptor mRNA in the first two 
weeks of life in the rat co-occur with the extremely high percent of REM 
sleep (>70%) and phasic activities. 1 Adult findings indicate a relationship 
between elevated HPA axis and disinhibited REM propensity. The prena- 
tally-stressed adult rat shows increased amounts of paradoxical sleep, posi¬ 
tively correlated with plasma corticosterone levels. 91 Sleep deprivation results 
in a stressful reaction, including elevated HPA axis and an increased REM 
rebound. 92 93 Increased blood levels of ACTH and corticosterone are found 
in rats that exhibit higher REM propensity. 94 95 Increased cerebrospinal fluid 
levels of CRF, blood ACTH, and cortisol are also found in human depres¬ 
sion, 96 which has reliable signs of increased REM propensity. 97 Furthermore, 
intracerebroventricular injection of CRH to rats after 72 hrs of sleep depri¬ 
vation markedly increases REM sleep, 98 and a CRH antagonist blocks the 
sleep deprivation-induced REM sleep rebound. 99 Intracerebroventricular 
injection of CRH increases locomotion in the chick 100 and fish. 101 Above evi¬ 
dence suggests our hypothesis for the neonatal REM sleep regulation as 
dialogued in the Figure 2. 

One potential criticism may be that in the adult model CRF is linked to the 
behavioral and electrophysiological wakefulness. 102 To counter this con¬ 
tention, we point out that the HPA axis is an open loop and that cells that 
secrete ACTH and corticosterone are immature in the neonate in contrast to 
the adult. 103 Similar situation can be seen in adult rat model of depression 
and human depression, in which there is an semi-open loop in the HPA axis 
and an elevated brain level of CRF co-occurred with increased REM sleep 
propensity. 95 ’ 104 ’ 105 Thus, a hypothesis is put forth that CRF may play a cru¬ 
cial role in driving the high percentage of REM sleep and its phasic activities 
in the neonate. However, empirical testing is needed. 
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Figure 2. This figure illustrates the pathways in the regulation of wakefulness and 
REM sleep through corticotropin releasing factor (CRF). In the adult a functioning 
hypothalamic-pituitary-adrenal (HPA) axis that produces corticosterone along with 
the presence of a fully developed wake-regulation system permits CRF to have a pri¬ 
mary function of promoting vigilance. In contrast, the neonate has both poorly func¬ 
tioning adrenal gland and wake-regulation system (inside the box); hence, the primary 
function of CRF is to promote the REM state. 
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Basic Mechanisms of Circadian 
Rhythms and their Relation 
to the Sleep/Wake Cycle 

Martha U. Gillette and Sabra M. Abbott 


1. The Temporal Spectrum of Life 

Organisms exhibit cyclic variations in a variety of essential functions, includ¬ 
ing the sleep-wake cycle, hormonal regulation, and reproduction. A primary 
environmental signal regulating these functions is the daily alternation of 
darkness and light exerted by the rotation of the earth. Superimposed upon 
the daily light-dark cycle is a seasonal influence that modifies the relative 
durations of day and night over the course of a year. These environmental 
changes make it necessary for organisms to be able to modify their behavior 
so that they are active during times when the opportunity to acquire nutri¬ 
tional resources exceeds the risk of predation, and resting during times when 
the need for vigilance is minimized. Be they day-active or night-active, all 
organisms need a means of keeping time in a 24-hour world and adjusting to 
changes in day length or transition times that may occur. 

As any observer of the natural world knows, an organism’s active behav¬ 
iors generally occur in bouts that recur at a predictable phase of the cycle of 
day and night. This cyclic organization of behavior is expressed in the pat¬ 
terning of wheel-running activity of rodent models (Figure 1). Figure 1A 
depicts the activity of an animal under conditions where the lights are on for 
12 hours and off for 12 hours. This phenomenon is called entrainment , in 
which animals express activity with a fixed phase relationship to environ¬ 
mental conditions. 

At first, one might assume that these circadian rhythms are simply a 
reflection of the external day-night cycle. However, when all exogenous tim¬ 
ing cues are removed, these rhythms persist. Every organism expresses an 
endogenous rhythm that varies slightly from 24 hours, making it circadian , 
or ‘about a day.’ Unperturbed, this circadian rhythm persists, as can be seen 
in Figure IB. Due to the slight deviation of the period of the rhythm from 
24 hours under these constant environmental conditions, the onset of activ¬ 
ity drifts from its original position by a small but constant amount each day. 
In an aperiodic environment, the animal’s activity eventually would become 
completely out of phase with the environment and then pass back into 
phase, proceeding at a regular interval with each circadian cycle. This 
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Figure 1. Organization of circadian rhythms of locomotor activity and its regulation 
by light. Panels A-E are schematic actograms from a nocturnal rodent. Dark bars in 
all figures indicate time when the animal is active, and grey areas indicate time when 
the animal is in darkness. Black bars indicate running-wheel activity. A. depicts an 
animal that has entrained to a light-dark cycle. Activity occurs with a regular 24-h 
cycle, and primarily during darkness. B. represents the same animal placed under con¬ 
stant conditions, showing a free-running period ( tau ) of less than 24 h. Activity begins 
slightly earlier each day. C. represents the effect on phase of activity onset in an ani¬ 
mal presented with a light pulse (*) during the subjective daytime. No change is 
observed in the onset of activity on the following day. D. shows the response to a light 
pulse (*) during the subjective early evening. Activity onset is delayed on the follow¬ 
ing cycles. E. shows the response to a light pulse (*) during the subjective late evening. 
The onset of activity occurs earlier than predicted on the following cycles. F. is a phase 
response curve (PRC) for the response to light presented at various circadian phases 
for animals in constant darkness. The grey bar represents subjective night, and deflec¬ 
tion above or below the line represents advances or delays, respectively. Times of 
treatment for the representative actograms (left panel) are represented by the 
corresponding letters on the graph. 


demonstrates that the persistence of rhythmicity is not simply an after-effect 
of the previous environmental conditions, but rather that an endogenous 
rhythm is present. 

This persistent endogenous rhythm is the expression of an internal circa¬ 
dian clock. The daily period of this biological clock differs from 24 hours by 
a small, but measurable amount. The circadian clock keeps time without 
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external timing signals and, in turn, times circadian rhythms in brain and 
body functions. 

In addition to timing behavioral rhythms, the circadian clock also can 
influence the levels of a variety of hormones, and many of these can be used 
as markers of the circadian clock. For example, plasma corticosterone shows 
a peak shortly before waking, 1 while plasma melatonin normally peaks 
shortly after sleep onset and appears to play a role in regulation of the sleep- 
wake cycle. 2 Circadian rhythms can also be observed in glucose metabolism; 
these are independent of daily food intake, although feeding and drinking 
behaviors are themselves circadian rhythms. 3 

Regardless of the marker of circadian phase that is being examined, how¬ 
ever, one unique property of circadian clocks is their ability to be reset by 
environmental signals. The most prominent of these signals is light. When an 
animal in constant conditions is presented with a brief (~15 min) pulse of 
light, the response of the animal depends upon the time of light exposure 
(Figure 1C-E). During the subjective daytime, the inactive period for this ani¬ 
mal, light has little effect. However, light exposure during subjective early 
evening, the beginning of the active period, delays the onset of activity on the 
following cycle, and subsequent rhythms continue from this new phase. On 
the other hand, light exposure during the subjective late night will advance 
the onset of activity on the following day. A plot called a phase response curve 
(PRC) can be constructed demonstrating the observed circadian response 
following treatments at various phases of the day/night cycle, as seen in 
Figure IF. 

When an animal is housed in conditions with exogenous time cues, such 
as a light-dark cycle, time is measured as zeitgeber time (ZT), because of the 
“time-giving’ quality of light in the environment. ZT 0 is designated as 
the time of light onset. If an animal is housed in conditions without exoge¬ 
nous time cues and is relying on the endogenous clock for timing, we dis¬ 
cuss time of day in terms of circadian time (CT), where CT 12 in nocturnal 
animals is designated as the time of onset of activity. The endogenous 
period of the animal is referred to as tau (x). CT differs from ZT by a factor 
of 24 /t. 

7 . 7 . The Central Clock in the Suprachiasmatic Nucleus 

Now that we have an idea of the many rhythms that are endogenously regu¬ 
lated and the fact that they can be controlled by environmental signals such 
as light, the question arises as to what might be controlling these rhythms. In 
mammals, circadian rhythms are regulated by a paired brain nucleus located 
at the base of the hypothalamus, directly above the optic chiasm, hence the 
name - the suprachiasmatic nucleus (SCN). Multiple experiments have 
demonstrated the role of the SCN as a central pacemaker for circadian 
rhythms. Lesioning studies found that selectively damaging the SCN disrupts 
rhythmicity in corticosterone levels, drinking activity, and wheel-running 
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behavior. 4 5 This provided the initial evidence that the central pacemaker for 
the mammalian circadian clock lay within the SCN. 

In later work, it was found that transplanting fetal SCN tissue into the 
third ventricle of animals in which the SCN had been lesioned could restore 
rhythmicity. 6 Furthermore, if fetal SCN tissue from a wild-type hamster was 
implanted into a hamster with a shortened free-running period, the new free- 
running period resembled that of the SCN donor rather than the host ani¬ 
mal. This evidence suggested that not only was the SCN necessary for 
generating rhythms, but also that this rhythmicity was an intrinsic property 
of the SCN cells, which could drive the rhythms of the entire animal. 7 

In the rat, each SCN measures approximately 300 pm medial to lateral, 
300 pm dorsal to ventral, and spans approximately 700 pm from rostral to 
caudal end. One SCN contains a total of approximately 8,000-10,000 cells, 
occupying a volume of approximately 0.036 mm 3 . 8 Based on peptide local¬ 
ization, it is common to divide the rat SCN into a ventrolateral or ‘core’ 
region, and a dorsomedial or ‘shell’ region. The core neurons are smaller 
(~30 pm 2 ) and contain vasoactive intestinal peptide (VIP), somatostatin and 
gastrin-releasing peptide (GRP) colocalized with y-amino butyric acid 
(GABA), while the shell neurons are larger (~45 pm 2 ) and contain arginine 
vasopressin (AVP). 9 There are topographic connections between the con¬ 
tralateral shells and the contralateral cores, as well as bidirectional innerva¬ 
tion between the core and shell within each nucleus, but the core of one 
nucleus does not communicate directly with the shell of the contralateral 
nucleus. 8 

1.2.1. Outputs and the Circadian Timing System 

The SCN exerts its influence on the rest of the body primarily by sending 
projections to the rest of the hypothalamus. Neurons from the core region 
project to the lateral region of the subparaventricular zone (sPVHz), the peri- 
suprachiasmatic area (PSCN) and the ventral tuberal area (VTU), all within 
the hypothalamus. The destinations of shell region projections include the 
medial preoptic area (MPOA), medial sPVHz and the dorsal medial hypo¬ 
thalamus (DMH), also all within the hypothalamus. 9 The DMH projections 
are particularly interesting, as many of these neurons appear to be projecting 
to neurons containing hypocretin/orexin, a peptide well known for its role in 
arousal. 10 The SCN also contains a minor set of efferents to the ventrolateral 
preoptic nucleus (VLPO), a region that produces prolonged reduction in 
sleep duration and amplitude when lesioned. 11 In addition, the SCN contains 
projections to the paraventricular nucleus (PVN) of the thalamus, as well as 
the intergeniculate leaflet (IGL). The targets of these efferents consist of 
endocrine neurons, autonomic neurons or intermediate neurons that poten¬ 
tially serve to integrate a number of hypothalamic signals. 12 Overall, the SCN 
appears to be uniquely situated within a network that allows it to interact 
closely with the regions controlling the sleep and arousal states of the animal. 
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One of the major outputs of the SCN appears to be an inhibitory signal 
for activity. Two recently discovered candidate factors for communicating 
such signals include transforming growth factor-a (TGF-a) and prokineticin 
2 (PK2). Under normal conditions, TGF-a is expressed rhythmically in the 
SCN, and when infused continuously into the cerebral ventricles, it inhibits 
locomotor activity. Conversely, mice lacking the epidermal growth factor 
(EGF) receptor, making them unable to respond to TGF-a, show an exces¬ 
sive amount of daytime activity. 13 PK2 is also expressed rhythmically, and 
can inhibit locomotor activity when infused continuously. 14 This suggests a 
role for SCN outputs in promoting an inactive state that would be permissive 
for sleep. 

1.2.2. Inputs and Gating by the Circadian Clock 

The circadian clock in the SCN also is capable of being reset by changes in 
behavioral or environmental state. The changes are conveyed to the SCN by 
projections from a variety of different brain regions. 

One of the most well-studied inputs to the SCN comes from subpopulation 
of retinal ganglion cells that form the retinohypothalamic tract (RHT). 
Lesions of the SCN disrupt the development of these neurons, 15 and disrup¬ 
tion of the RHT results in an inability to respond to light as a circadian reset¬ 
ting/entraining signal. 1617 Recent work has found that many of the retinal 
ganglion cells that comprise the RHT contain a photopigment, melanopsin. 18 

These melanopsin-containing cells show a response to light that parallels 
circadian responses to light. 19 Additionally, the terminals of the melanopsin- 
positive retinal ganglion cells collocalize both glutamate and pituitary 
adenylate cyclase-activating polypeptide (PACAP), 20 the putative neurotrans¬ 
mitters of the RHT. 

The geniculohypothalamic tract (GHT) also appears to play a role in 
transmitting light information to the clock. The GHT projects from the inter- 
geniculate leaflet (IGL) to the SCN, and releases neuropeptide Y (NPY). 
NPY is believed to be involved in behavior-induced phase shifts during the 
daytime, but also appears to be able to modulate light-induced phase 
shifts. 2122 However, while the GHT pathway can transmit photic signals, 
disruption of this pathway does not prevent entrainment to light. 23 

The SCN also receives serotonergic input, primarily from the median raphe. 
Activation of the median raphe results in an increase in serotonin (5-HT) 
release at the SCN. 24 5-HT release also shows a strong circadian pattern in 
the SCN, with 5-HT release peaking at CT 14, and 5-hydroxy indole acetic acid 
(5-HIAA), the major metabolite of 5-HT peaking at CT 16. 25 

Cholinergic projections to the SCN originate both in the basal forebrain 
and in the laterodorsal tegmental (LDT), pedunculopontine tegmental (PPT) 
and parabigeminal nuclei (PBg) in the brainstem. 26 The PBg is considered 
a satellite region of the superior colliculus, which appears to play a role in 
generating target-location information as part of saccadic eye-movements. 27 
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The substantia innominata (SI) within the nucleus basalis magnocellularis 
(NBM) in the basal forebrain contributes to arousal and focused attention, 28 
while the LDT and PPT both are important for regulating the sleep-wake 
cycle. 29 This would suggest that the cholinergic input to the SCN is providing 
a signal regarding the sleep-wake state of the animal, and may provide a link 
between the sleep-wake cycle and circadian rhythms. 


2. Circadian Clock Regulators 

With the anatomy in place, we now can begin looking at how the SCN 
responds to various inputs. One model that works particularly well for study¬ 
ing the signaling mechanisms that regulate circadian rhythms is to examine 
the electrophysiological properties of a hypothalamic brain slice preparation 
containing the SCN. Coronal slices of hypothalamus containing the SCN can 
be maintained at the interface of a warm, moist, high oxygen atmosphere and 
a solution containing minimal salts and glucose for at least 3 days, and will 
show a peak in neuronal firing activity that occurs at approximately the same 
time every day (Figure 2). 30 ’ 31 

Using this preparation, the pattern and rate of extracellular activity of 
individual neurons within the SCN can be recorded. When data from indi¬ 
vidual neurons are averaged over circadian time of recording, a peak in 
average firing rate of the neuronal ensemble occurs at approximately CT 7. 

Using this as a baseline marker of circadian time in the brain slice, exper¬ 
iments can then be performed where neurotransmitters or candidate elements 
in a signaling pathway can be applied to the slice at different times of the day 
and the resultant change in time of peak can be measured to determine the 
effect on SCN circadian rhythms. This generates the PRC of the isolated 
SCN for each substance. 

This system is very versatile, and it can be used to examine the effect of dif¬ 
ferent agonists on resetting circadian rhythms, as well as whether antagonists 
of putative downstream members of the signaling pathway can block the 
normally observed effects. While the SCN appears to be involved in sending 
signals as to time of day to the rest of the body, the fact that the isolated 
preparation expresses differing sensitivities to resetting signals that are 
dependent on circadian time demonstrates that the SCN itself is intrinsically 
sensitive to time of day. We will now examine the various resetting pathways 
that are present in the SCN, focusing on the different pathways that can 
regulate the clock during the different times of the day. 

2.1. Daytime 

A number of signaling molecules appear to be important in resetting circa¬ 
dian rhythms during the daytime, including 5-HT, PACAP, NPY and GABA. 
The majority of these experiments have been performed in nocturnal rodents, 
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Figure 2. A diagrammatical representation of the hypothalamic brain slice prepara¬ 
tion. A coronal slice of the hypothalamus is removed from the Long Evans BluGill 
rat, placed in culture, and extracellular neuronal activity is recorded. A representative 
plot of individual neuron activity along with successive 2-h means are plotted, as indi¬ 
cated by the line. This preparation can be maintained for at least 3 days in vitro , pro¬ 
ducing the characteristic peak in firing rate at ~CT 7 each day. ON/OT, optic 
nerve/tract; VIII, third cerebral ventricle; open circles, single unit activity; closed cir¬ 
cles, 2-h mean ensemble activity; shading CT 12-24, subjective night. 


so daytime is defined as the time in which the lights are on and/or the animal 
is inactive. As a result, the functional context of this regulation seems to be 
tied to non-photic (non-light stimulated) resetting. Non-photic resetting cov¬ 
ers a wide variety of resetting phenomenon, including sleep deprivation, 
activity associated with exposure to a novel wheel and even cage changes. The 
unifying factor in non-photic resetting is that it involves arousal during a time 
when the animal would normally be inactive. Many of the neurotransmitters 
that have been linked experimentally with this daytime resetting also appear 
to modulate nighttime resetting. Daytime effects will be discussed here, while 
the modulation of nighttime effects will be covered in the next section. 

While 5-HT is believed to play a role in activity-induced or non-photic 
phase shifts during the day, there is some question about whether this form 
of phase shifting is entirely due to 5-HT. If serotonergic agonists are applied 
to the hypothalamic brain slice during the daytime, the peak in electrical fir¬ 
ing activity advances, but no change in time of peak firing rate is seen if the 
agonists are applied during the night (Figure 3). 32 Similar results are seen 
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Figure 3. Summary of daytime circadian resetting signals. This figure depicts the 
in vitro response of the SCN to serotonin and neuropeptide Y, which act on the cir¬ 
cadian clock during daytime. The circadian time of treatment is represented on the 
X-axis, while the magnitude of advance or delay is represented on the Y-axis. Time in 
which the animal would be in darkness is represented by a black bar. As can be seen, 
each neurotransmitter has a unique resetting profile, both in time and direction of 
response throughout the day. Replotted from M. Medanic and M. U. Gillette, 
Serotonin regulates the phase of the rat suprachiasmatic circadian pacemaker in vitro 
only during the subjective day. J. Physiol. 450, 629-642 (1982) and M. Medanic and 
M. U. Gillette, Suprachiasmatic circadian pacemaker of rat shows two windows of 
sensitivity to neuropeptide Y in vitro. Brain Res. 620:281-286 (1993). 


in vivo if the dorsal or medial raphe is stimulated, 33 a paradigm that has been 
shown by microdialysis to increase 5-HT release at the level of the SCN. 34 
During forced wheel running or sleep deprivation during the daytime, there 
is an increase in 5-HT release at the SCN. 35 36 This suggests a link between 5- 
HT and non-photic phase shifting, but evidence also exists to complicate this 
assertion. If 85-95% of the serotonin is depleted from the raphe projections 
to the SCN, animals still are capable of phase shifting in response to daytime 
forced activity. 37 In addition, these activity-induced phase shifts are not sig¬ 
nificantly attenuated following injection of serotonergic antagonists. 38 These 
data suggest that, while 5-HT may play a role in non-photic resetting, the full 
resetting response depends on modulation by additional neurotransmitters. 

PACAP appears to play a dual role in the SCN, producing effects both dur¬ 
ing the daytime and at night, when it acts in conjunction with glutamate. 
PACAP is released from the RHT, and studies have found that it is colocal¬ 
ized with glutamate. 39 Examining levels of PACAP throughout the 24-h cycle 
revealed that PACAP exhibits a significant oscillation in the SCN, but not in 
other brain regions, and is lower during the light period than the dark 
period. 40 If PACAP is applied to the brain slice at different times of day, 
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micromolar quantities will cause an advance in neuronal firing activity dur¬ 
ing the daytime, but have relatively little effect during the night. 20 However, 
when PACAP is injected into the SCN of the hamster between CT 4-8, tran¬ 
sient phase advances in wheel-running activity are seen during the first day 
after treatment, but the long-term effects of a PACAP injection appear to 
produce a delay in wheel-running activity. 41 This suggests that, while PACAP 
has an effect on circadian rhythms during the daytime, further work is needed 
to determine the precise nature of this signal. 

NPY also appears to play a dual role, and is effective in resetting the circa¬ 
dian clock both during the daytime and at night. NPY is released from the 
GHT, the projection from the IGL of the thalamus to the SCN. Studies have 
examined the effects of either injecting NPY into the SCN region of the intact 
animal and monitoring wheel running behavior 42 43 or applying NPY directly 
to the hypothalamic brain slice and examining the peak in neuronal firing 
activity. 21 In both cases it was found that when NPY was applied during the day¬ 
time, it induced an advance in the circadian parameter of interest (Figure 3). 
Additional studies implanted stimulating electrodes into the IGL, which 
would presumably release NPY at the SCN when activated, and examined the 
effects of IGL stimulation on circadian wheel-running behavior 44 These stim¬ 
ulations also produced advances in circadian phase when given during the 
daytime. Interestingly, it has been found that exposing an animal to light 45 or 
applying glutamate to the brain slice 46 both were capable of blocking the 
response to daytime application of NPY Co-administration of the GABA a 
antagonist, bicuculline, is capable of inhibiting the effects of NPY in vivo , 47 
suggesting that the NPY signal is linked to GABAergic signaling. 

One factor that daytime signaling pathways hold in common is that they 
all appear to be mediated by cyclic adenosine monophosphate (cAMP). In 
the hypothalamic brain slice, cAMP analogs applied during the daytime 
induce phase advances in the circadian clock, while at night they have little 
effect. 3148 In addition, endogenous cAMP is high during late day, and late 
night, 49 suggesting a role for cAMP in the transition periods between day 
and night, and that induction of a rise in cAMP may move the clock to a 
time-point where cAMP is normally high. 

2 . 2 . Dawn and Dusk 

The primary resetting signal associated with dawn and dusk is melatonin. 
This hormone of darkness is produced at night in the absence of light, pro¬ 
viding a means by which the animal can measure night-length. 50 Photoperiod 
is an important measure for animals, such as the hamster, that are seasonally 
reproductive. 

Melatonin is produced by the pineal, and in many vertebrates the pineal is 
actually the primary regulator of circadian rhythms, rather than the SCN. 
However, in mammals, removal of the pineal does not significantly disrupt 
circadian rhythms. 51 
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Despite the fact that a pineal is not necessary for maintenance of mam¬ 
malian circadian rhythms, it is possible to entrain free-running rats with daily 
injections of melatonin. Entrainment appears to work best if the melatonin 
injections are timed to occur shortly before the onset of the animal’s active 
period. In addition, lesioning the SCN, but not the pineal, abolishes the 
ability of a rat to entrain to melatonin injections. 52 

Evidence that melatonin can reset circadian rhythms led to a number 
of studies looking at the direct effect of melatonin on the SCN. Using either 
2-deoxy-glucose (2-DG) or neuronal activity as a marker of SCN activity, it 
was found that melatonin decreased both 2-DG uptake and neuronal firing 
activity in the rat most significantly when applied right before subjective 
dusk. 53 54 Melatonin-induced suppression of neuronal firing activity at the 
end of the day also is seen in the hamster. 55 

The SCN shows a similar window of melatonin sensitivity in terms of 
resetting the circadian clock. Using the hypothalamic brain slice, it was found 
that melatonin applied at either dawn or dusk advanced the peak in neuronal 
firing, but when applied at other times of day no effect was observed 
(Figure 4). 56 57 This resetting pattern mimicked that seen in response to activa¬ 
tion of protein kinase C (PKC), and was blocked by inhibitors of PKC, sug¬ 
gesting that PKC was a downstream component of this resetting pathway. 57 
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Figure 4. Summary of dawn/dusk circadian resetting signals. This figure depicts the in 
vitro response of the SCN to melatonin. The circadian time of treatment is repre¬ 
sented on the X-axis, while the magnitude of advance or delay is represented on the 
Y-axis. Time in which the animal would be in darkness is represented by a black bar. 
As can be seen, this neurohormone has a unique resetting profile, both in time and 
direction of response at the subjective day- to night and night-to-day transitions. 
Replotted from A. J. McArthur, A. E. Hunt, and M. U. Gillette, Melatonin action and 
signal transduction in the rat suprachiasmatic circadian clock: activation of protein 
kinase C at dusk and dawn. Endocrinology 138(2), 627-634 (1997). 
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In addition, this resetting could be inhibited with antagonists that were 
specific for the MT-2 type melatonin receptor. 58 

2.3. Nighttime 

In the nighttime domain there are two key players, glutamate and ACh, as 
well as a number of substances that modulate these signals. As we have dis¬ 
cussed previously, considerable evidence supports glutamate as the primary 
neurochemical signal transmitting photic stimuli from the retina to the 
SCN, while the functional context of the cholinergic resetting signal is still 
unknown. 

The glutamate signaling pathway is similar to many of the pathways that 
have already been discussed, in that it will reset the circadian clock at a par¬ 
ticular time of day, and in a specific direction. However, what is interesting 
about the glutamate signaling pathway is that it can either advance or delay 
the clock, depending on what time of day the signal is presented (Figure 5). 59 

This pathway has been demonstrated both in vitro and in vivo to be medi¬ 
ated through an N-methyl-D-aspartate (NMDA) receptor-mediated rise in 



Figure 5. Summary of nighttime circadian resetting signals. This figure depicts the in 
vitro response of the SCN to glutamate and accetylcholine, neurotransmitters effec¬ 
tive primarily at night. The circadian time of treatment is represented on the X-axis, 
while the magnitude of advance or delay is represented on the Y-axis. Time in which 
the animal would be in darkness is represented by a black bar. As can be seen, each 
neurotransmitter has a unique resetting profile, both in time and direction of response 
throughout the night. Replotted from C. Liu and M. U. Gillette, Cholinergic regula¬ 
tion of the suprachiasmatic nucleus circadian rhythm via a muscarinic mechanism at 
night. J. Neurosci. 16(2), 744-751 (1996) and J. M. Ding, D. Chen, E. T. Weber, et al., 
Resetting the biological clock: mediation of nocturnal circadian shifts by glutamate 
and NO. Science 266, 1713-1717 (1994). 
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intracellular calcium, followed by nitric oxide synthase (NOS) activation 
and resultant production of nitric oxide (NO). 60 ' 64 Beyond this point, the 
early- and late-night pathways diverge. 

During the early night, glutamate induces delays in the circadian clock. 
Downstream of NO, the next step in this pathway appears to be ryanodine 
receptor (RyR)-mediated calcium release. In the brain slice, pharmacological 
activation of the RyR induces a phase delay in neuronal activity during the 
early night, but not at any other time of day. This effect can be blocked both 
in vitro and in vivo with dantrolene, an RyR inhibitor. 65 

Glutamate exposure during the late night, however, advances the circadian 
clock. During the late night, NO appears to activate a cyclic guanosine 
monophosphate/protein kinase G (cGMP/PKG) signaling cascade followed 
by cAMP response element binding protein (CREB)-activated transcription. 
Inhibiting PKG in the brain slice blocks light-induced advances in neuronal 
activity. 65 Phospho-CREB (P-CREB) is induced in the SCN following 
exposure to light at night, while antagonists of putative elements of the 
upstream signaling pathway, such as NMDA or NOS, inhibit the induction 
of P-CREB. 66 Furthermore, adding an excess oligodeoxynucleotide decoy 
sequence that inhibits cAMP response element (CRE)-mediated transcrip¬ 
tion blocks the phase advance induced by glutamate both in vitro and 
in vivo. 61 

While glutamate alone is capable of resetting circadian rhythms, there are 
many substances that modulate this resetting. These can be divided into two 
categories: those that decrease the phase resetting effect of glutamate during 
both the early and late night, and those that have differing effects on 
glutamate-induced phase shifts, depending on what time of night they are 
applied. In the first category, both NPY and GABA, which are active in day¬ 
time phase shifting, decrease the phase-resetting effect of light or gluta¬ 
mate when applied during the night. 6869 Glutamate applied during the 
daytime also seems to be capable of inhibiting GABA- and serotonin-induced 
resetting. 69 ’ 70 

Modulatory effects of serotonin and PACAP on glutamate-induced phase 
resetting are more complicated. If animals are depleted of serotonin, they 
show increased phase delays in response to light. 71 On the other hand, co¬ 
application of a PACAP antagonist, either in vitro or in vivo, decreases 
the phase delay seen in early night, and increases the late-night phase 
advance. 7273 

When PACAP is administered in conjunction with glutamate, it increases 
the early-night phase delays, but decreases the late-night phase advances. This 
is similar to the effects seen following application of cAMP analogs to the 
hypothalamic brain slice, suggesting that the effects of PACAP may be medi¬ 
ated by a cAMP pathway. 74 

The role of ACh in resetting circadian rhythms is rather complicated, and 
has been unclear, because the effect varies with the site of application. The 
first evidence that ACh might play a role in resetting the circadian clock came 
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in 1979, when Zatz and Brownstein examined whether pharmacological 
manipulation of the SCN could affect serotonin N-acetyltransferase (SNAT) 
activity in the pineal. 75 

They found that injections of carbachol into the lateral ventricle of 
Sprague-Dawley rats at CT 15 caused phase delays in SNAT activity that 
were similar to, but not as large as, the phase delays produced by light. 75 
Carbachol injections into the lateral ventricle were also later repeated in 
mice 76 and hamsters, 77 where it was found that administration of carbachol 
during the early night caused phase delays, while late-night administration 
caused phase advances. This pattern of sensitivity and response is similar to 
that induced by light exposure. Further evidence for the involvement of 
ACh in the light response came from studies looking at ACh levels in the 
rat SCN using a radioimmunoassay (RIA). 78 Using this technique, no sig¬ 
nificant oscillation in ACh levels was found under constant conditions, but 
light pulses administered at CT 14 increased ACh levels in the SCN. 
However, no work was done to determine whether this increase was simply 
a response to exposure to light or if there was actually a circadian pattern 
to the light-stimulated ACh release. The implication of these studies was 
that ACh could be the primary neurotransmitter providing the signal of 
light to the clock. 

However, significant evidence began to emerge indicating that ACh was 
not likely to be the primary signal of light. First of all, whereas it had previ¬ 
ously been determined that the RHT transmitted the signal of light from the 
eye to the SCN, choline acetyltransferase (ChAT) was not present in this pro¬ 
jection, 79 making it anatomically unlikely that ACh was the primary neuro¬ 
transmitter involved in this signal. This evidence can be reconsidered, 
however, as recent studies have found an alternative splice variant of ChAT 
present in retinal ganglion cells that was not picked up using previous anti¬ 
bodies. 80 Experiments have not yet been published addressing whether this 
alternative form of ChAT is present in the RHT. 

Additional evidence against ACh being the signal of light came from 
experiments that found injecting hemicholinium, which significantly depletes 
ACh stores, did not block the ability of the animal to phase shift in response 
to light. 81 There is also evidence that injecting NMDA receptor antagonists 
could block carbachol-induced phase shifts, suggesting that although ACh 
may play a role in the light response, it is not the direct cause of the observed 
phase shifts. 82 Finally, Liu and Gillette using extracellular recording in vitro , 
found that microdrop applications of carbachol directly to the SCN caused 
only phase advances, regardless of whether it was applied early or late in 
subjective nighttime (Figure 5). 83 

In an attempt to explain these contradicting data, the hypothesis that our 
lab has developed is that the dual response pattern of the SCN to cholinergic 
stimulation is a result of the location of application. Note that in the initial 
in vivo studies, carbachol was injected into the lateral or third ventricle, where 
the drug could have a diffuse effect, while in the in vitro studies, carbachol was 
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applied in microdrops directly to the SCN. Emerging evidence suggests that, 
if the in vivo experiments are performed by injecting carbachol directly into 
the SCN rather than into the ventricle, a similar phase-response pattern is 
seen as resulted from the in vitro experiments using microdrop applications. 84 
Furthermore, preliminary studies suggest that mice lacking the Mj-type mus¬ 
carinic receptor (MjAChR) do not respond to these carbachol injections, 85 
but exhibit normal responses to light. 86 Together, the evidence indicates that, 
while ACh may contribute to the light response, as seen in earlier experi¬ 
ments, the direct cholinergic signal to the SCN is providing an entraining sig¬ 
nal that is different than the signal of light, and this response is mediated by 
an MjAChR. Based on the anatomical studies looking at cholinergic projec¬ 
tions to the SCN that originate in the LDT and PPT, as well as the SI, 
the current hypothesis is that this cholinergic signal is involved in tying the 
sleep-wake and circadian cycles together. 


3. Circadian and Sleep/Wake Cycle Interactions 

3.1. The Two-Process Mode of Sleep and Circadian 
Interactions 

The circadian and sleep-wake cycles have been known to interact. This inter¬ 
action was modeled by Borbely as regulated by two processes: process S and 
process C. Process S is sleep-dependent; its influence becomes greater the 
longer one has been without sleep. Process C is circadian-dependent; it varies 
with circadian phase of the day or night. 87 Process S uses as its marker elec- 
troencephalographic (EEG) slow-wave activity, which may be promoted by 
accumulation of adenosine. During the time awake, the rising homeostatic 
sleep pressure from process S is compensated for by a decline in circadian 
process C sleep pressure. 88 The converse is true at night. The interaction 
between the two processes accounts for both the consolidation of sleep and 
wake under normal conditions, as well as the fact that there is a rhythmic 
variation in sleep propensity throughout the duration of sleep deprivation. 
The interaction between these two processes can be further demonstrated by 
looking at what happens to one process in the absence of the other, as will be 
described in the next section. 

3.2. Sleep and Circadian Interactions 

Initial studies evaluating the interaction between the circadian and sleep-wake 
cycles simply determined the effect of SCN lesions on circadian rhythms. 
Bilateral SCN lesions in rat were found to eliminate the circadian rhythm of 
the sleep-wake cycle. 89 While total time spent in sleep remained the same, the 
occurrence of sleep was now randomly distributed between the light and dark 
phases, rather than ocurring primarily during daytime. 89 However, the 
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ultradian rhythm of slow wave sleep (SWS) cycles was still present. 90 Later 
studies found a slight increase in total SWS and slight decrease in total rapid 
eye movement (REM) sleep in SCN-lesioned rats. 91 

The next step was to look at whether circadian inputs influenced the 
homeostatic response, by looking at how SCN-lesioned animals responded to 
periods of sleep deprivation. Initially, these animals were found to still show 
a homeostatic recovery response, but on further study, differences were found 
in the speed of recovery under different conditions. 92 Animals that contained 
an intact SCN and were placed under constant lighting conditions showed 
the fastest recovery from a period of sleep-deprivation. Animals with SCN- 
lesions or on a regular light-dark cycle required more time than controls to 
recover the lost sleep, suggesting that an intact circadian system, without the 
influence of outside time cues such as light, provides the most efficient means 
of recovering lost sleep. 93 Although squirrel monkeys exhibited slightly dif¬ 
ferent patterns of response than rodents to SCN lesions followed by sleep 
deprivation, in that their total sleep time increases, the total time spent in 
NREM and REM sleep did not increase. 94 

Feedback from the sleep-wake cycle to the circadian clock was evaluated 
by looking at the effect of sleep deprivation and arousal on circadian 
rhythms. If hamsters are sleep-deprived during the latter part of their active 
period, either through exposure to a novel wheel, or by gentle handling, they 
exhibit a dramatic advance in onset of wheel-running activity that remains 
stable as long as they remain in constant conditions. 3695 This sleep- 
deprivation paradigm has also been used in mice to demonstrate that the 
phase delays observed in response to an early night light pulse are actually 
decreased if the animal has been sleep-deprived prior to the light pulse. 96 

A recent study provided a more functional examination of this feedback 
loop by examining the correlation between sleep-wake state and neuronal fir¬ 
ing rate in the SCN. Early work found that SCN cells undergo changes in fir¬ 
ing rate that relate to arousal state of the animal. 97 More recent studies 
conducted a detailed analysis of SCN neuronal activity during different sleep 
stages, and found that the SCN firing rate exhibited the previously observed 
diurnal pattern, but superimposed on it was a change in firing rate depend¬ 
ent on sleep state of the animal. During wake or REM sleep, SCN firing rates 
were much higher than during NREM sleep. 98 As discussed earlier in this 
chapter, there are circuits in place for most sleep centers in the brain to 
feed back to the SCN, and these studies provide evidence that this feedback 
actually has functional consequences. 


4. Conclusion 

Circadian rhythms are an integral part of an organism’s existence. In mam¬ 
mals, these rhythms are regulated by a circadian clock in the SCN, which 
is uniquely situated to receive a variety of inputs regarding the animal’s 
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environment and behavioral state. Of particular relevance for this chapter is 
the fact that the circadian system plays an important role in regulating when 
an animal is active and inactive. There is evidence that the SCN sends effer¬ 
ents to parts of the brain involved in arousal, and that in the absence of a cir¬ 
cadian clock, consolidation of the sleep-wake cycle disappears. In addition, 
recent studies suggest that the sleep-wake state of the animal is capable of 
feeding back to the circadian clock. Sleep deprivation of hamsters at the 
appropriate time of day can reset the phase of the circadian clock, and 
changes in sleep-wake state appear to influence the firing rate of neurons 
within the SCN. Overall, evidence indicates that the circadian and sleep-wake 
cycles are intricately intertwined, and that study of one necessitates the study 
and consideration of the other. 
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The Neuroendocrine Loop Model 
Revisited: Is It Valid or Even 
Relevant? 

Vincent M. Cassone 


1. Introduction 

Biological rhythms and the biological clocks that control them are fundamental 
properties of most living organisms, ranging from several forms of bacteria to 
multicellular plants and animals. These properties share many formal and bio¬ 
chemical properties, and affect all aspects of physiological function, ranging 
from control of transcription to metabolism to cell cycle to behavior. Because 
these rhythms are expressed similarly in single-celled and multi-cellular organ¬ 
isms, and because clock function pervades all levels of biological organization, 
many authors have suggested that biological clocks are properties of all cells. 1 


2. Master Pacemakers for Circadian Regulation 

In multi-cellular animals, however, control of overt rhythmicity is regulated 
hierarchically by a set of neural and neuroendocrine structures. In 1968, 
Gaston and Menaker 2 showed that the pineal gland is necessary for self-sus- 
tained circadian rhythms of locomotor activity of house sparrows, Passer 
domesticus. Subsequent work has shown the pineal gland is critical for 
behavioral rhythms in other passerine species. 3 ' 5 Transplantation of the 
pineal gland into arrhythmic pinealectomized sparrows confers both rhyth¬ 
micity and the circadian phase of the donors to the transplant host, 6 and 
explanted pineal glands contain both the circadian oscillators and photore¬ 
ceptors that are sufficient to generate circadian rhythms of the biosynthesis 
of the hormone melatonin and entrain that rhythm to light:dark regimes. 710 
Rhythmic administration of melatonin to pinealectomized sparrows, 11 ' 13 
pinealectomized starlings, Sturnus vulgaris™ and to pinealectomized/enucle- 
ated pigeons, Columba livia 15 restores locomotor patterns of activity to these 
birds, punctuating the important role pineal melatonin plays in avian 
species. The role played by the pineal gland in columbiform 16 and galliform 17 
is less clear than in passeriform species. However, in these species, the ocular 
retina synthesizes and releases melatonin as well, and when pinealectomy is 
combined with enucleation, pigeons, at least, become arrhythmic as in 
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pinealectomized sparrows. 16 In the Japanese quail, whose eyes are responsi¬ 
ble for melatonin rhythmicity in the circulation, enucleation alone abolishes 
locomotor rhythms. 17 Thus, the avian pineal gland (and retina in some 
species) is a circadian oscillator and pacemaker that regulate overt circadian 
rhythms via the rhythmic secretion of melatonin (Figure 1A). 

This feature is not unique to birds. Many squamate reptiles and teleost fish 
have been shown to rely on pineal activity for overt circadian rhythms, 
although there is significant variability among species in this regard. 1819 In 
contrast, however, the mammalian pineal gland is neither photoreceptive nor 
does it contain circadian oscillators to generate rhythms on melatonin. 

Instead, the mammalian pineal gland is a “slave oscillator” to the master 
pacemaker in mammalian circadian organization, the hypothalamic 
suprachiasmatic nucleus (SCN). 19 Destruction of the SCN or transection/dis¬ 
ruption of neural pathways from the SCN to the pineal gland abolishes cir¬ 
cadian rhythms in melatonin biosynthesis. Thus, although the mammalian 
pineal gland does not itself contain oscillators and photoreceptors, its mela¬ 
tonin rhythm is nonetheless a direct output of the mammalian circadian 
clock. We will return to this feature below. 

In mammals, the SCN is the master pacemaker regulating circadian 
rhythms, 2021 at least in rodents and primates. These nuclei are characterized 
anatomically as recipients of a direct retinohypothalamic tract (RHT). 22 ' 24 All 
of the neurons contain the inhibitory neurotransmitter y-amino-butyric acid 
(GABA) and one of several neuropeptides, including arginine vasopressin, 
vasoactive intestinal polypeptide, neurotensin and substance P, among others, 
although the regional distribution of these peptides within the SCN is highly 
variable among mammalian taxa. 24 The SCN of rats, mice and hamsters also 
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Figure 1. Hierarchical models for circadian organization based upon lesion studies. 
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contain a very high concentration of fibrous astrocytes. 25 26 Further, the nuclei 
consistently receive serotoninergic input from the midbrain, peptidergic (pri¬ 
marily NPY) input from the visual thalamus 20 and contains a high density of 
melatonin receptors. 27 

The evidence for the proposition that the SCN are the master pacemaker 
is legion (Figure IB). Lesion of the SCN abolishes all known overt circadian 
rhythms ranging from activity, sleep-wake cycles, body temperature, multiple 
hormone secretions and cardiovascular function. 28 ' 30 Transplantation of 
embryonic SCN tissue or cells derived from embryonic tissue restores circa¬ 
dian rhythms to rodents. 31 ' 33 Finally, explants of SCN or dissociated cells 
from SCN tissue express circadian rhythms of electrical activity, metabolism, 
peptide release, and gene expression. 34 ' 38 Thus, the mammalian SCN are cir¬ 
cadian oscillators and pacemakers that regulate overt circadian rhythms. 

As with the avian pineal gland, this feature is probably not unique to 
mammals, although the evidence is by no means clear. An RHT has been 
identified in several hypothalamic structures in different vertebrate taxa, and 
each of these contains some but not all of the anatomical characteristics of 
the mammalian SCN. In birds, two structures have been touted as avian 
homologues to the SCN. First, a structure in the medial hypothalamus, situ¬ 
ated in the preoptic recess, has been designated medial suprachiasmatic 
nucleus (mSCN) by some authors 39 and periventricular preoptic nucleus 
(PPN) by others. 40 ’ 41 This structure does not receive RHT input, has little 
neuroanatomical similarities to the SCN and has not been shown to exhibit 
any physiological rhythmicity. However, it does express several clock genes 
rhythmically on a daily and circadian basis, 42 ' 44 and lesions directed at the 
mSCN disrupt overt circadian rhythms. 445 On the other hand, a structure 
located caudally and laterally of the mSCN, which has been designated the 
visual suprachiasmatic nucleus (vSCN) by some 41 and lateral hypothalamic 
nucleus by others. 39 The vSCN receives direct RHT input, has a high con¬ 
centration of GABA neurons, fibrous astrocytes and contains neurons that 
express arginine vasotocin, vasoactive intestinal polypeptide, substance P and 
neurotensin. It also receives a dense 5HT input, the source of which is not 
known, and NPY input from the visual thalamus. 41 Finally, the vSCN 
expresses circadian rhythms in 2DG uptake in v/vo 4648 electrical activity 
in vitro , 49 a high density of melatonin receptors 50 ' 52 and clock genes, at least 
in house sparrows. 42 

3. The Neuroendocrine Loop Model for Avian Circadian 
Organization 

In spite of the clear role as pacemaker played by the passerine pineal gland, 
there is extensive evidence that the pineal gland represents only part of a 
complex system of neuroendocrine structures involved in avian circadian 
organization. 
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First, pinealectomized house sparrows become arrhythmic gradually 
after placement in constant darkness (DD), damping over 6-10 days. 2 Using 
2DG brain imaging techniques, we have found that, while most brain struc¬ 
tures become arrhythmic in their 2DG uptake following pinealectomy and 
placement in DD, the vSCN persists for at least 3 days in rhythmicity. 47 
However, by the tenth day in DD, when all behavioral rhythmicity is lost, 
all 2DG rhythmicity is lost as well. 47 Further, rhythmic administration of 
melatonin reestablishes both a daily activity rhythm and a daily 2DG 
rhythm in the vSCN. 12 Secondly, although the pineal gland produces mela¬ 
tonin rhythms in vivo indefinitely, in vitro , the pineal gland circadian rhythm 
in melatonin damps in DD after 5-7 days. 9 53 This effect can be simulated 
in vivo by sympathetic denervation of the gland. 54 Thirdly, sympathetic 
innervation of the avian pineal gland derives from a multi-synaptic pathway 
arising from the vSCN, similar to the situation in mammals. 19 This inner¬ 
vation releases norepinephrine (NE) on a daily and circadian basis such 
that NE is released during the day and subjective day, 55 which inhibits mela¬ 
tonin biosynthesis. 53 54 This rhythm derives from the vSCN, since lesion of 
the vSCN, but not the mSCN, abolishes the rhythm of NE turnover in the 
pineal gland. 56 

Based upon these and other studies, we 57 ’ 58 proposed the “neuroendocrine 
loop model” for avian circadian organization (Figure 2). At its core, the 
model’s premise states that the system is composed of damped circadian 
oscillators residing within the vSCN and pineal gland, which are not capable 
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Figure 2. Neuroendocrine Loop Model. 
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of self-sustained oscillation in the absence of (1) photic input and/or (2) neu¬ 
ral/endocrine input from the rest of the system. At this point, we do not know 
if pacemaker damping is due to the damping of the oscillatory mechanisms 
within each pacemaker cell and/or (they are not mutually exclusive) whether 
the population of more self-sustained oscillators within each pacemaker drift 
out of phase in the absence of input, resulting in the damping of the output 
of the population. It’s best to explain the model sequentially: The vSCN is 
metabolically and electrically active during the subjective day, stimulating 
output pathways, including increasing sympathetic tone, which inhibits 
pineal gland output and has broad effects throughout the body. Since the 
vSCN is an oscillator, it spontaneously wanes in its activity as the subjective 
day progresses, until at subjective dusk, it is no longer active. This releases 
pineal oscillators from their inhibition, allowing pinealocytes to synthesize 
and release melatonin. Melatonin broadly affects a wide array of processes in 
tissues that express melatonin receptors. Among the structures expressing 
melatonin receptors is the vSCN, which are inhibited by melatonin. Since the 
pineal gland contains circadian oscillators, it too spontaneously wanes in its 
biosynthesis of melatonin, stopping by subjective dawn and disinhibiting 
vSCN output for the succeeding day. Each of the co-pacemakers in this sys¬ 
tem is directly affected by light; the pineal gland contains several photopig¬ 
ments and phototransduction systems that affect melatonin biosynthesis, and 
the vSCN receives RHT input. In addition, each of the co-pacemakers may 
independently affect downstream processes. The pineal gland influences CNS 
and peripheral sites via the secretion of melatonin during the night, and tis¬ 
sues that express melatonin receptors are affected by this pacemaker directly. 
Conversely, the SCN pacemaker (vSCN and mSCN) affects output via sev¬ 
eral pathways. A humoral output affects local hypothalamic function (at least 
in mammals), and a neural output via SCN afferents affects CNS and periph¬ 
eral sites to which they project. Among these is a global regulation of sym¬ 
pathetic tone. 56 

Gwinner 61 has proposed a complementary model, the “internal resonance 
model”, for avian circadian organization. This model states that, rather than 
mutual inhibition, the pineal gland and SCN interact by increasing the 
amplitude of the rhythmic output of the other. The model is attractive in sev¬ 
eral respects. One is that active regulation of system amplitude may explain 
seasonal migratory behaviors such as Zugunruhe or nocturnal migratory rest¬ 
lessness. Indeed, Gwinner and his colleagues have noted a decrease in mela¬ 
tonin titers in nocturnal migratory birds expressing Zugunruhe . The 
mechanism by which resonance occurs is not explicitly stated in this model, 
but it is not mutually exclusive from the neuroendocrine loop model, since, 
following inhibition by norepinephrine in vivo 54 or in vitro 55 pineal melatonin 
output rebounds with a higher amplitude. Thus, internal resonance may 
occur through the mutually inhibitory relationship between SCN and pineal 
oscillators. 
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4. A Mammalian Neuroendocrine Loop? 

The neuroendocrine loop model (and its corollary) has been extended to 
mammals by several authors, based upon the fact that even though the 
mammalian pineal gland is not an oscillator, melatonin directly affects circa¬ 
dian rhythms and the SCN. 61-63 Daily administration of melatonin to free- 
running rats, hamsters and humans entrains the circadian patterns of activity 
to the period of the administration cycle. 64-68 This effect requires an intact 
SCN, since lesions in the SCN, which make rats arrhythmic, prevent the 
effects of the hormone, 69 even though rats made arrhythmic with constant 
light (LL) are resynchronized by daily melatonin administration. 70 The effect 
does not require a pineal gland, 71 serotoninergic or noradrenergic afferents. 69 
Melatonin affects the rat SCN directly. The SCN of most mammalian species 
studied contains high affinity melatonin receptors, the MT1 (Mel 1A ) and 
MT2 (Mel lfi ) receptor sub-types. 72 73 

Administration of melatonin acutely inhibits 2DG uptake in the rat SCN 
in vivo 74 and electrical activity in vitro 75 and phase-shifts the SCN clock 76 
in vitro. The phase-shifting effect of melatonin appears to be mediated via the 
MT2 receptor, since MT2 knockout mice do not phase shift, 77 while the acute 
effect of the hormone is mediated via the MT1 receptor, since melatonin does 
not decrease SCN electrical activity in MT1 knockout mice. 78 Thus, although 
the circadian rhythm of pineal melatonin is a slave oscillation in mammals, 
melatonin nonetheless provides temporal feedback to the SCN, closing a 
similar neuroendocrine loop. 


5. Challenges to both Circadian Hierarchy 
and the Neuroendocrine Loop Models 

In the past 10 years, the biological clocks field has been revolutionized by 
the discovery of mammalian genes that are orthologous to genes involved 
in clock function in Drosophila. 19 ^ These genes, collectively called “clock 
genes” by the field, can be grossly categorized into “positive elements” and 
“negative elements”. Positive elements clock and Bmall are transcribed, 
translated and then dimerized to reenter the nucleus. There the clock!Bmall 
dimer stimulates the transcription of genes with an “e-box”. Among these 
genes are the “negative elements” periodl (perl), period2 (per2), period3 
(per3), cryptochromel (cryl) and cryptochrome2 (cry2). These are then 
transcribed, translated and form oligomers that reenter the nucleus where 
they inhibit the actions of the clock!Bmall dimers. There are of course 
other “clock genes” that have been discovered. These include casein kinase 
1 epsilon (CK1E), which encodes a kinase that targets the PERIOD pro¬ 
teins for degradation, and timeless , which is important in flies but whose 
function in mammals is not known. One of the major surprises of these 
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discoveries is the fact that these “clock genes” are expressed in many CNS 
and peripheral tissues and that the expression of these genes is rhythmic. 
Even more surprising is the fact that explanted tissues from animals 
expressed rhythms of at least the period genes when placed in vitro and 
fibroblasts could be induced to express clock gene rhythms with serum 
shock. 80 The prevailing view is that these peripheral rhythms represent 
peripheral clocks, and that the role of the SCN is to synchronize rather 
than drive these clocks. 

As one might expect, many authors have now identified avian orthologs of 
these mammalian clock genes, 43 44 ’ 81 ' 84 Indeed, we have just completed a func¬ 
tional genomics analysis that identifies and characterizes all of the avian 
orthologs of mammalian clock genes from the chick pineal gland 85 and 
retina. 86 As stated above, several of these authors have shown that these clock 
genes are expressed in the mSCN, and we corroborate this, although the 
vSCN also expresses them at a similar level. However, the remarkable claim 
is that, even though pinealectomy and exogenous melatonin affect overt clock 
function, these procedures have no effect on clock gene expression. 43 ’ 84 87 The 
authors independently and reasonably state that the data question the neu¬ 
roendocrine loop model. 

If the pineal gland is critical for overt rhythmicity in passerine birds, if the 
administration of melatonin acutely inhibits 2DG uptake in the avian vSCN, 
and if rhythmic administration of melatonin restores behavioral and brain 
2DG rhythms in pinealectomized birds, how is it that pinealectomy and mela¬ 
tonin have no effect of SCN and brain clock gene expression? 

Since it is incontrovertible that pineal melatonin is critical for passerine 
bird circadian rhythms, one could posit that the clock genes identified by 
many authors, including our group, are not really involved in the control of 
overt circadian rhythms in birds. Until knockout or other genetic manipula¬ 
tions in birds is possible, we cannot answer this question definitively. 

Alternatively, but not necessarily exclusively, it is possible that there are at 
least two oscillatory systems in place within the avian circadian system; one 
involving transcriptional regulation of clock genes that is insensitive to mela¬ 
tonin and one that is relatively independent of clock gene expression but sen¬ 
sitive to melatonin. 

Surprisingly (and similarly), the recent observation of Poirel et al. 88 showed 
that injection of melatonin in free-running rats at circadian time 10 (CT10; 
two circadian hours before activity onset), the time at which melatonin most 
efficaciously phase shifts locomotor activity, 71 phase shifts electrical activ¬ 
ity, 76 ’ 77 suppresses electrical activity 75 77 and suppresses 2DG uptake 74 has 
absolutely no effect on SCN clock gene expression on the day of the injection 
and on the day following the injection. The authors suggest in their paper 
that melatonin must affect clock genes at a post-transcriptional level, but the 
truth is that, if these data hold up, melatonin must act on the SCN clock at 
a level that does not immediately include the transcription and translation of 
clock genes. 
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6. Is there Evidence for a Second Oscillatory Mechanism 
within the Circadian Clock? 

There is growing evidence in the circadian microbiological literature that 
multiple oscillators can reside within single cells. In cyanobacteria, inter¬ 
ference of transcription via knockout of sigma factors differentially affects 
the circadian periods of different output pathways, and single cells can 
express multiple periods, depending on the output measured. 89 In the sin¬ 
gle celled dinoflagellate, Gonyaulax polyedra, different outputs such as 
swarming, bioluminescence and cell division are expressed with different 
circadian periods. 90 In the filamentous fungus, Neurospora crassa, circa¬ 
dian oscillations in development and gene expression are regulated by at 
least two circadian mechanisms, one that is dependent on the expression of 
the transcription factor frq and one that persists in frq null strains. 91 It 
should not therefore be surprising if complex neuroendocrine structures 
involved in circadian organization house multiple molecular mechanisms. 
Do they exist? 

At this stage, we don’t really know, but several lines of evidence from our 
lab and others point to multiple oscillatory mechanisms underlying verte¬ 
brate clocks. Immortalized SCN2.2 cells express rhythms in 2DG uptake as 
well as rhythms in neurotrophins, perl , per2, cryl, cry2 and bmall 33,60 ’ 92 
These cells will also confer rhythmicity to SCN lesioned rats in vivo 33 and to 
co-cultured cells in vitro 60 (Figure 3). 

Thus, the SCN2.2 cells retain both oscillatory and pacemaker properties. 
When SCN2.2 cells are co-cultured with NIH 3T3 fibroblasts, the SCN2.2 
cells induce a rhythm of 2DG uptake and clock gene expression in the co- 
cultured fibroblasts. 60 92 Interestingly, the induced fibroblast 2DG rhythm lags 
in phase the SCN2.2 2DG rhythm by approximately 4 hrs, while the perl and 
per2 expression rhythms lag by approximately 12 hrs, 60 suggesting differential 
regulation. Recently, we have found that knockdown of positive element clock 
with antisense oligonucleotides in SCN2.2 cells differentially affects 2DG and 
clock gene expression. 92 

Anti -clock oligonucleotides applied to SCN2.2 cells lengthens the period 
of 2DG uptake in the SCN2.2 cells as well as co-cultured NIH3T cells, 
which never were exposed to the anti-sense molecules (Figure 4). This 
observation shows that the molecular clockworks in the SCN2.2 cells are 
responsible for NIH3T3 metabolic rhythmicity. In contrast, rhythms of 
per2 and cryl expression are disrupted and/or abolished, punctuating the 
view that the positive element clock is critical for “clock gene” rhythms. 
Thus, although clock clearly affects both metabolic and clock gene pat¬ 
terns, it does so differentially, suggesting separate rhythmic processes are 
at work. 

Astrocytes are neuroglial cells that mediate many processes within the cen¬ 
tral nervous system (CNS), including the majority of CNS intermediary 
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Figure 3. SCN 2.2 cells co-cultured with mouse NIH3T3 cells impose a rhythm of 
2DG uptake (A) and clock gene expression (B) with varying phase angles. SCN2.2 
(solid) with NIH 3T3 (dotted) on top, NIH 3T3 with NIH3T3 on bottom (Allen et al. 
2001; ref. 60 ). 


metabolism. 93 ’ 94 Glucose is taken up by both neurons and glia, but astrocytes 
take up glucose at a higher rate than do other cell-types. Glucose is catabo- 
lized by astrocytes by at least three pathways: (1) Glucose is catabolized via 
glycolysis, Krebs cycle and electron transport to produce ATP for astrocytic 
processes. (2) When metabolic load is low, glucose is polymerized to glycogen, 
where it remains until metabolic load is higher. Indeed, glycogen biosynthe¬ 
sis has been hypothesized as a major reason for sleep. 95 

Then, presumably during waking, astrocytic glycogen is catabolized to glu¬ 
cose. (3) Finally, when signaled by neurons with a high metabolic activity, 
astrocytes will undergo lactate fermentation and release both lactate and 
pyruvate into the extracellular space. These are then taken up by neurons for 
a relatively “cheap” energy source. 

When melatonin receptors were first identified in the avian brain, we 50 ' 52 
noted that specific binding and expression of the Mel lc receptor sub-type was 
present in brain areas that were bereft of neuronal cell bodies and hypothe¬ 
sized then that neuroglia express melatonin receptors. To continue this line of 
research, we developed a cell culture model for avian astrocytes, and found that 
chick astrocytes do indeed express functional Mel 1A and Mel lc receptors. 96 
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SCN2.2 NIH/3T3 



Figure 4. Anti -clock morpholino reduces amplitude and increases period of 2DG 
uptake in SCN 2.2 cells and co-cultured NIH3T3 cells. Per2 expression rhythms are 
also disrupted but differentially (Allen et al. 2004; ref 92). 


When cultured astrocytes are administered daily cycles of physiological levels 
of melatonin, the melatonin cycle induces a rhythm of glucose utilization, lac¬ 
tate and pyruvate release (Figure 5). Further, acute administration of mela¬ 
tonin increases glycogen biosynthesis. 

Recently, we have found that chick astrocytes also express all of the known 
orthologs of the mammalian clock genes. 8597 Interestingly, even though 
cycles of melatonin induce metabolic rhythms, the regimen has no effect on 
clock gene expression, corroborating the in vivo studies. 42 ’ 44 Thus, as with the 
SCN2.2 cells, metabolic and clock gene expression are differentially regu¬ 
lated. Might this explain the discrepancy in data and suggest a modification 
for the neuroendocrine loop model? 


7. The Neuroendocrine Loop Model Revisited 

If one were to assume that melatonin indeed affects circadian clock function 
and sleep in birds and mammals, as many studies indicate, and if one were to 
assume that Abraham et al., 42 Yasuo et al,. 43 44 and Poirel et al. 88 are all cor¬ 
rect in their observations that acute melatonin administration has no effect 
on clock gene expression, and if one were to assume that the rhythmic expres¬ 
sion of clock genes are a primary force in circadian rhythm generation, then 
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Figure 5. Effects of melatonin cycles on cultured chick astrocyte pyruvate and lac¬ 
tate release, (from Adachi et al. 2002; ref. 96). 


the most parsimonious view is that metabolic and clock gene expression are 
separable properties of circadian clock function (Figure 6). 

Perhaps, melatonin affects SCN activity via its effects on astrocytic metabo¬ 
lism and only indirectly affects SCN clock gene expression. In turn, clock gene 
expression affects metabolic rhythms in the SCN, since knockdown of clock 
decreases the amplitude and increases the period on SCN2.2 2DG uptake 
rhythms, but not to the extent that it affects transcriptional rhythmicity. Thus, 
in birds, the SCN (a composite of mSCN transcriptional activity and vSCN 
metabolic activity) is active during the subjective day and is activated by RHT 
afferents. During the subjective day, the avian SCN mediates many downstream 
processes via humoral and neuronal outputs, including activation of sympa¬ 
thetic outflow. Among the targets of sympathetic activity is the pineal gland, 
whose biosynthesis of melatonin in inhibited by both sympathetic norepineph¬ 
rine but also directly by light. Since the SCN are oscillators, their output wanes 
as dusk approaches, thereby disinhibiting pineal melatonin biosynthesis. 
During the subjective night, this modified hypothesis suggests, melatonin is 
released and affects physiological functions in cells and tissues that express 
melatonin receptors. Among the targets of melatonin are the astrocytes within 
the SCN region and throughout the brain, where it inhibits glycolytic activity 
and increases glycogen biosynthesis. This increase in glycogen biosynthesis 
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Figure 6. Modified Neuroendocrine Loop Model. 


during avian sleep builds energy stores for brain activity during the day. How or 
whether this change in metabolic activity affects SCN clock gene expression is 
at this point not known. It is likely to occur over a longer timeframe than has 
been studied thus far. Since, as with the SCN, the pineal is an oscillator, its out¬ 
put wanes as dawn approaches, thereby disinhibiting SCN activity. 

In mammals, the pineal gland is not an endogenous oscillator but still feeds 
back to influence SCN metabolic and electrical activity. Since most interme¬ 
diary metabolism is accomplished within brain astrocytes, it is reasonable to 
predict that the effects of melatonin on SCN metabolism are mediated by 
astrocytes. The role melatonin plays in glycogen homeostasis is at this stage 
completely unknown. Melatonin itself inhibits SCN activity, but increases 
locomotion in the nocturnal rodents. One might therefore assume that the 
role of melatonin on sleep and glycogen biosynthesis would be opposite to 
that found in birds (and humans). If this is the case, research on the role of 
melatonin in sleep/wake cycles and the utility of melatonin as a therapeutic 
sleep aid should be reexamined in the context of metabolic switching. Clearly, 
this is an important direction for future research to take. 

Thus, the neuroendocrine loop model, some 20 years old now, certainly 
must be modified in light of modern data, but the concept itself remains 
somewhat intact. The role played by the pineal in circadian rhythm genera¬ 
tion and regulation in birds and in circadian regulation in mammals may be 
important for sleep research. 
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Biological Rhythms 
in Neuroendocrinology 

Daniel P. Cardinali and Ana I. Esquifino 

1. The Temporal Spectrum of Life 

As the Earth rotates on its axis, it presents two well-defined environments, 
the day and the night. As the Earth’s rotation axis is tilted, the relative length 
of day and night changes systematically along the year. As an evolutionary 
consequence, living creatures have responded to these two geophysical envi¬ 
ronments by developing predictive mechanisms to adapt themselves success¬ 
fully. This is the origin of the 24 hour rhythms (called circadian, from Latin 
circa, about, and die, day) and of the seasonal or annual rhythms. The name 
circadian was given to these rhythms because of their property of being 
closed but not exactly 24 h under free running conditions, e.g., in continu¬ 
ous darkness. In humans this period is longer than 24 h, close to 25 h. 

Therefore, when animals change between daily, nocturnal or seasonal 
behaviors they are not merely responding in a passive way to conditions of 
the environment. Rather, they are following internally generated signals pro¬ 
duced by a master pacemaker which is in synchrony with the Earth’s cycles, 
anticipates the transitions between day and night, and triggers behavioral and 
physiological changes in accordance to those transitions. In other words, a 
“day” and a “night” are created within the organism, a sort of a mirror of 
what happens in the environment. Overall, this allows adaptation to a world 
which changes periodically in an anticipated way. 

The most conspicuous biological rhythm is the sleep-wake cycle. The 
sequence of transitions between the main three physiological states of our 
life: wakefulness, slow, non REM (NREM) sleep and rapid eye movement 
(REM) sleep is organized following a strict temporal order under the com¬ 
mand of a central pacemaker (or “biological clock”). During sleep this bio¬ 
logic clock prepares us for the anticipated period of wakefulness by 
controlling the two major communication systems in the body, the endocrine 
and the autonomic nervous system. 12 

Since the “stigma” of time is present in the genes, the same mechanisms that 
govern the central pacemaker are detectable in every peripheral cell. Therefore, 
a biologic periodicity exists in association with geophysical periodicity. This 
association has two advantages: predictability (the speed of Earth rotation has 
not changed substantially in the last 4.5 billion years of life on Earth) and the 
possibility to detect changes of enough amplitude in the environment. 
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2. Reactive and Predictive Homeostasis 

The term “homeostasis” was introduced more than 80 years ago by Walter 
Cannon to define the physiological factors that maintain the equilibrium sta¬ 
tus of the organism. 3 Following Claude Bernard, Cannon improved the con¬ 
cept of constancy of the internal milieu. As Cannon stated, the prefix 
“homeo” (alike) was selected rather than “homo” (the same) to include explic¬ 
itly the normal oscillation detectable in physiological variables. The first time 
the term “homeostasis” was used was in reference to the mechanisms regulat¬ 
ing blood glucose levels. Cannon used the term to describe how blood glucose 
was controlled with normal values oscillating between a minimum and a max¬ 
imum. When these limits were trespassed, mechanisms become activated to 
compensate for them. Then, these processes only function in face of distur¬ 
bances, never anticipating them (“reactive” homeostasis). 3 

It should be stressed, however, that most regulatory mechanisms have a 
latency that can be inappropriately long. For example, if a new protein is 
needed, latency may be as long as 1-2 h, a time which may increase if there is 
necessity of the synthesis of a hormone. A significant contribution of the cir¬ 
cadian organization is that it allows the physiological response to be ready in 
advance to the expected perturbation of the internal milieu. This happens 
providing the perturbation occurs at approximately the same hour every day 
(“predictive homeostasis” 3 ). 

Let us give an example. If we consider that a small diurnally active mam¬ 
mal finds food at about 2 h distance of its burrow at night, it is essential for 
the animal to predict the beginning of the night at least 2 h in advance to sur¬ 
vive from a nocturnal predator. Rather than looking to environmental vari¬ 
ables, which may change in an unpredictable way, like temperature or solar 
position (because of clouds), it looks for endogenous phenomena which 
changes predictably as a function of the time of day. It is therefore essential 
for animal’s survival to have a “built-in” time-controlled mechanism which 
makes time measurement independent from meteorological variations. 
Indeed, the circadian system is very suitable to perform this task: we can have 
a reasonable appraisal to time of day by paying attention to our biological 
functions rather than to our wristwatch. To have an inner “day” and “night” 
was a very important step in "Evolution. 

In humans such a predictive activity can be demonstrable. Body tempera¬ 
ture and ACTH and cortisol rhythms increase some hours in advance to the 
major stress of morning awakening; the digestive system anticipates meal 
time; the cardiovascular system starts in advance during sleep the major 
changes in cardiovascular control to overcome the change in position during 
awakening. What Evolution has selected is the development of a precise “bio¬ 
logical clock”, flexible enough to be resynchronized readily to new temporal 
situations. 

Therefore, because of the seminal influence of Cannon and Moore-Ede the 
term homeostasis is used today not only for describing the biological strate- 
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gies to cope with changes in environment (reactive homeostasis) but also the 
time-related mechanisms which allow the organisms to predict the expected 
environmental modification by preparing to it in advance (predictive home¬ 
ostasis). 

Another consequence of the circadian organization is that there is no “nor¬ 
mal” value of a given variable but a changing normal value during the 24 h 
cycle. If some external or internal disruptor make this variable to change by 
trespassing the minimal or maximal values, corrective mechanisms are trig¬ 
gered to return the variable to its normal limits for that precise moment in the 
24 h cycle. 

An attractive hypothesis (because of its therapeutic importance) is that the 
majority of diseases and specific pathologies of organs and systems entails a 
circadian alteration of the patient, which aggravates the disease. Therefore, 
any successful therapy must combine not only the specific treatment to con¬ 
trol the disease, but also the restoration of the circadian activity lost as a 
consequence of the disease. 

As a consequence of the development of the concept of homeostasis, dis¬ 
ease can be analyzed both as the alteration of the internal environment it 
provokes as well as the result of the compensatory mechanisms triggered by 
the body to protect itself from the disease. As first defined by Hans Selye, 
the stress response implies a number of processes that are the consequence, 
not of the original noxious agent, but of the body itself in the course of the 
defense reaction. 4 Lately, McEwen introduced the concept of allostasis to 
define the price everyone pays for the stress response. 5 Even a moderate stim¬ 
ulus leaves its mark if repeated in time. In follow-up studies on urban pop¬ 
ulations the allostatic charge was found to be proportional to: i. arterial 
systolic pressure; ii. nocturnal excretion of cortisol and catecholamines; 
iii. body mass index; iv. glycosilated hemoglobin; v. HDL/cholesterol ratio; 
vi. sleep disturbance. 

Levels of hormones like melatonin 67 or dehydroepiandrosterone 5 are 
inversely linked to the allostatic charge. Therefore, at least a part of the allo¬ 
static process includes modification of the circadian organization (sleep-wake 
cycle, melatonin secretion). 

The stress reaction program, which encodes the whole level of behavioral 
autonomic and neuroendocrine responses, is located in the hypothalamus. It 
is therefore not a surprise that one of the functions of the autonomic nerv¬ 
ous system is the synchronization of the trillions of cellular oscillators in the 
human body to the activity of the central pacemaker located in the suprachi- 
asmatic nuclei (SCN) of the hypothalamus. 


3. The History of the Biological Clock 

Ancient men were aware of the existence of biological rhythms. 
Hippocrates made several references to the changes in health and disease 
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with the hour of the day or the time of the year. However, all these phe¬ 
nomena (blossoming of plants, seasonal activity of animals, bird migra¬ 
tion, hibernation) were seen as a passive reaction to an environment that 
changes cyclically. In accordance to this opinion, which prevailed for more 
than two thousand years, the environment imposes its mark on passively 
respondent living creatures. 

The first recorded objection to such common-sense knowledge occurred in 
1729 when the French astronomer Jean-Jacques d’Ortous de Mairan (who 
was also a physician, geologist, botanist and mathematician) reported that 
the leaf movements in heliotrope (Mimosa pudica) were still found after iso¬ 
lation of the plant in a dark box. De Mairan interpreted his results as indi¬ 
cation that a “biologic clock” was present within the plant. 8 These results 
were skeptically received by de Mairan’s colleagues because they were against 
the accepted scientific paradigm of the epoch, that is, that the biological 
rhythms were passive reactions to changes in the environment. 

Thirty years later, two botanists, Du Monceau and Zinn, demonstrated 
that the movements of heliotrope leaves were independent not only from light 
but also from environmental temperature. In 1832, another botanist, 
Alphonse De Candolle, confirmed the experiments of De Mairan and estab¬ 
lished that the heliotrope did not have a 24 h rhythm but a 22-23 h endoge¬ 
nous rhythm. De Candolle made the first reversal experiment by putting the 
plants in darkness during the day and in light during the night. He found that 
after a transition period of some days, the plants became synchronized to the 
new environment by opening the leaves at night under light and closing the 
leaves during the day in darkness. 

These botanical observations had to wait for more than 100 years before 
they were extended to animals and then to man. Presumably the very influ¬ 
ential concept of Claude Bernard about the constancy of the internal milieu 
precluded an earlier application of biological rhythms. Indeed, the very idea 
of “constancy” of the internal milieu was against that of rhythmic variation. 
Only at the end of s. XIX some reports appeared in the scientific literature 
about daily rhythms of body temperature in shift workers, or in soldiers dur¬ 
ing nigh duties. In addition the first experiments using primates were pub¬ 
lished. 9 By 1930 the first scientific society devoted to the study of biologic 
rhythms was founded (Society for Biological Rhythms). In 1960, at Cold 
Spring Harbor, a Symposium was held that is considered as the initial land¬ 
mark of Chronobiology as an independent discipline. 


4. Rhythmometry: The Properties of the Circadian 
Rhythms 

Generally we called a rhythm to a sequence of events that repeats in a regu¬ 
lar way along time, that is, with the same order and at the same intervals. 
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Biological rhythm defines any oscillation, regular in time, observable at any 
level of biological organization. A given rhythm is characterized by the fol¬ 
lowing parameters: 

• Period: the time interval between two identical events, that is, the duration of 
a complete cycle 

• Mesor: the mean value of the observed variable, calculated from all values in 
a complete cycle. 

• Amplitude: the difference between the mesor and the maximal value reached 
in a period. 

• Phase: the relationship between two or more rhythms. The term phase is also 
used to define a part of the cycle, e.g., ascending or descending phase, or max¬ 
imum of a rhythmic phenomenon. 

Occasionally, frequency is employed instead of period to define the num¬ 
ber of cycles per time unit. Generally, frequency is used to characterize fast 
rhythms (like those of electroencephalogram or electrocardiogram). A fre¬ 
quently used frequency unit is the “hertz” (Hz), or cycles per sec. 

The phase of a rhythm describes the moment along the temporal course 
when the biological rhythm is examined. Generally, it refers to another peri¬ 
odic function, either external (time of the day) or internal (another biologic 
rhythm). As an example of an external reference we define at what time the 
peak in body temperature occurs or in what season of the year a given species 
mates. When we say that cortisol rhythm is almost inverse in phase to that of 
melatonin we are referring to a phase relation between the two rhythms. 
Usually the phase is characterized by determining the moment at which the 
examined variable reaches its maximal value (or “acrophase”). 

The mathematical analysis of the rhythm can be performed by several tech¬ 
niques. A popular procedure is Cosinor that determines, by means of the least 
square method, the cosinoid function which best describes the variation. This 
method allows definition of the principal parameters of the rhythm, i.e., period, 
amplitude, mesor and acrophase, as well as of their confidence intervals. 10 The 
use of Cosinor implies the existence of a sinusoidal rhythm with Gaussian dis¬ 
tribution of experimental errors, a situation not very common in real life. This 
is the reason why in many cases the preferred analysis is the spectral or Fourier 
analysis which does not have such a constraint. However, Fourier series analysis 
needs a great number of observations to be statistically significant. 

Among the several biologic rhythms in Nature, those most frequently 
addressed as having medical application are the 24-h cycles (or circadian). 
The term “circadian”, introduced by Franz Halberg, defines those rhythms 
that exhibit a period as short to 20-22 h to as long as 26-28 h. Rhythms of a 
shorter period are called “ultradian” whereas those of a longer period are 
called “infradian”. 

It has becomes clear that the biologic rhythms are an essential property of 
life. This property is transmitted genetically: animals maintained under total 
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darkness by generations show a circadian rhythmicity of motor activity even 
though they have never been exposed to light. 11 ' 13 Plants selected on the basis 
of different periodicities will give after cross-breeding, generations of plants 
that combine individuals of short, intermediate and long periods, following 
the rules of classical Genetics. These observations support the genetic origin 
of the circadian phenomena. 

The Greek letter x (tau) is used to define the endogenous period of the 
rhythm, i.e. that determined under free running conditions. It varies among 
species, and among individuals within a given species but it is the same for all 
the circadian rhythms of the same individual. 

Another important property of the circadian rhythms is their stability in 
face of thermal changes. This property was discovered in plants which 
showed the same circadian period regardless of extreme variations of envi¬ 
ronmental temperature. Rather than following the Vant’hofF-Arrhenius law 
of chemical reaction (Q 10 law, that holds that reaction velocity increases 2.5 - 
3 times by increasing 10°C the reaction temperature) the period of the circa¬ 
dian rhythms does not follow this law showing a Q 10 value of 0.8 - 1.2. 
Incidentally, if this would not be the case, the circadian structure would be a 
very weak mechanism to measure biological time. 

An important property of the circadian oscillator is the way it varies after 
exposure to an external synchronizer (called also “Zeitgeber”, from the 
German: time giver). The period in the absence of the synchronizer (x) 
becomes T, the period of the oscillator after the action of the Zeitgeber. In 
other words, a circadian rhythm of period x different from 24 h is constantly 
synchronized to a T = 24 h by the influence of environmental Zeitgebers, 
remarkably bright light. 

Indeed, light is the more powerful ambient synchronizer, both for animals 
and plants. Other Zeitgebers like social factors, physical exercise, meals or 
temperature also contribute with bright light to entrain the human circadian 
rhythms. 


5. The Synchronizing Effect of Light 

As above mentioned, Alphonse De Candolle was the first to demons¬ 
trate the influence of light on the biological rhythms. He reported that 
an inversion of 180° in light-dark cycle caused a 180° change in leaf move¬ 
ment of heliotropes. As less as 1 h of light, appropriately applied in time, 
is enough to synchronize locomotor activity. Locomotor activity starts 
every day at the same time, in phase with beginning of scotophase. It is 
important to stress that light must be applied at certain times to be effec¬ 
tive as a synchronizer, as we will discuss later. An important effect of 
Zeitgeber is related to its intensity. Relevant to this are the following 
Aschoff’s rules: 14 
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1. The increase of light intensity prolongs activity time and shortens the rest 
time in diurnal species, while it shortens activity time and prolongs rest time 
in nocturnal species 

2. Bright light augments amplitude of activity phase in diurnally active animals 
and decreases it in noctumally active animals 

3. x is longer than 24 h in diurnal species and shorter than 24 h in nocturnal 
species. It must be noted that this rule has numerous exceptions (e.g. the rat, 
a nocturnal rodent, has a x longer than 24 h) 

For other, secondary synchronizers, like social factors, temperature, food 
availability, similar rules are applied. Secondary synchronizers generally act 
as cofactors of light but under certain circumstances they can replace the 
principal Zeitgeber when it becomes suppressed or severely attenuated. 

As indicated by the Aschoff’s rules the phase relationships between the 
Zeitgeber and the circadian rhythm does not depends only on the values of 
T and x but also on the intensity of the Zeitgeber. This “coupling force” 
varies with time of application, age, etc. A mathematical double oscillator 
model was developed by us to explain by dynamic analysis the changes in the 
oscillator bought about by Zeitgeber intensity. 15 

As stated, the synchronization of a rhythm entails the modification of 
rhythm’s period (x) to attain T. However, this does not occur homoge¬ 
neously throughout the cycle but at certain sensitivity times, as described by 
the “phase response curve” (PRC). This was first demonstrated in unicellu¬ 
lar algae. 16 Depending on when a synchronizer agent is applied it can phase 
advance, phase delay or have no effect on the circadian rhythm. That is, 
there is a rhythmic variation in the response of the organism to the 
Zeitgeber. 

In man, exposure to bright light during the first part of the night, when 
body temperature decreases, will delay the clock while the same stimulus 
applied during the second part of the night, when body temperature 
increases, will advance the clock. At other times of the day, e.g. at noon, 
light exposure will not delay nor fast the clock. Melatonin, a “chemical 
code” of the night (the “darkness hormone”) has a PRC opposite to light, 
with phase advances if given in the first part of the night, phase delays if 
given in the second part of the night and absence of phase effects when given 
during daytime (Figure 1). 

The following are general rules for PRC’s: 

1. PRC’s are universal and are applied to all living things 

2. Similar PRC’s are found in diurnal and nocturnal animals 

3. Interindividual or interspecies differences in PRC’s occur in the magnitude of 
phase advances or delays found 

4. PRC’s are not symmetric, with advances predominating on delays or vice 
versa 
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Figure 1. Phase-response curve for the effect of melatonin on the circadian system. 
Melatonin given in late subjective night phase-advances circadian rhythms (A), mela¬ 
tonin administration given in late subjective day delays the rhythms (B) and melatonin 
administration in mid-subjective day (C) has no effect on phase of rhythm. 

5. When light is the Zeitgeber bright light causes greater shifts than dimmer 
light (1st Aschoff’s rule). 

6. Phase delays are produced immediately while phase advances take some days 
to be observed. 

To have a PRC implies that during most of daily cycle the synchronizer 

does not affect the circadian phase. Usually the effect is found close to light- 

dark or dark-light transitions. Pittendrigh demonstrated that two brief expo¬ 

sitions to light at transitions were as effective as the regular photoperiod to 

synchronize the circadian system (skeleton photoperiod). 5 6 * * * * * * * * * 16 Summarizing, the 

PRC is a formal prerequisite to define the action of a physical, chemical or 

environmental perturbation on the circadian clock. 

From the analysis of the PRC for light in humans it can be concluded that 

bright natural light in early morning is the stimulus that phase-advances the 
clock every day from 25 to 24 h. This is of fundamental importance in the 
present “24/7 Society”, working 24 h, 7 days a week, since often we are 
underexposed to such a synchronizing influence of morning natural light. 
Secondary Zeitgebers like physical exercise, diet or social interaction may 
also play a role when associated with environmental light. 

Almost every physiologic function exhibits circadian rhythmicity, but gen¬ 
erally their maxima occur at dissimilar times. This ordered sequence of max¬ 
imal values that reveals cause-effect relations at all the organizational levels 
of the body constitutes the quintessence of health and are described as 
“phase maps”. “Phase maps” can be transitorily disrupted in situations like 
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jet lag or shift work when an organism faces a rapid change of temporal 
parameters. Under these circumstances, the 24 h rhythms do not adapt them¬ 
selves at the same velocity and the temporal relations become distorted. 
Resynchronization needs several days (about 1 day/h of phase shift) and dur¬ 
ing this transition time symptoms of malaise are found (e.g., “jet-lag”). 


6. The Circadian Oscillator 

During the 1960’s it turned to be clear that the overt rhythms were not the 
oscillator itself but a consequence of the oscillator activity. Using the clock 
analogy, arms movement is not the clock mechanism but rather its manifes¬ 
tation. PRC allows differentiation between the oscillator and the overt 
rhythms. In algae individual inhibition of effector rhythms (cell division, 
photosynthesis, luminescence, etc.) does not affect the other rhythms, 
whereas if the primary genomic oscillator is suppressed, all the overt rhythms 
disappear. 16 

Reinberg introduced the concept of phase map, to define the temporal 
structure of the different biological rhythms found in a single individual and 
originated by a single pacemaker. 17 Identical PRC with varying acrophases 
are found. Therefore, the same mechanism seems to govern the complete set 
of biologic rhythms in a giving organism, even though different acrophases 
are displayed. 

In unicells this is easily demonstrable. In pluricellular organisms at least 
two theoretical possibilities exist: i. the cells are passive responders to a rhyth¬ 
mic signal generated by the oscillator; ii. every cell is endowed with a circa¬ 
dian oscillator adjusted by the master clock to a similar pace. 

Several lines of evidence obtained in the last 20 years support the second 
view. Almost all cell types in a pluricellular organism express intrinsic circa¬ 
dian properties. 111318 In pluricellular organisms the host of cellular individ¬ 
ual circadian oscillators is synchronized by a hierarchically superior, a 
master pacemaker located in the suprachiasmatic nuclei (SCN) of the ante¬ 
rior hypothalamus, whose activity is affected by Zeitgebers in a more or less 
direct way. 

One subject of debate still open concerns to the existence of more than one 
master pacemaker in vertebrates, thus implying some sort of hierarchically 
arrangement between them. An important argument in favor of this hierar¬ 
chical order is that in some cases an internal desynchronization occurs in a 
given individual, suggesting that the hierarchy has become disarrayed. This 
disorganization may derive form external causes (e.g. a transmeridian flight 
or the shift work) or from internal ones, like in those seen in individuals kept 
for long periods in a free running condition. 

Two strategies have been followed to analyze the molecular mechanisms of 
circadian rhythmicity: i. the use of drugs of known action on intracellular 
metabolism: ii. the use of classic genetic techniques and more recently of 
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molecular biology to analyze the different genes involved in circadian cell 
phenomena. 

As far as the pharmacological strategy, a major problem was to differenti¬ 
ate between possible direct effects of the drug on the oscillator from those 
exerted on the overt rhythms. Clear-cut results were obtained with inhibitors 
of cell oxidative metabolism indicating the dependence of circadian oscilla¬ 
tion from energy supply. The administration of deuterium oxide (heavy 
water) has the curious property to prolong the endogenous period of circa¬ 
dian rhythm. Inhibitors of RNA or protein synthesis were mainly employed 
in unicell studies. In Acetabularia, algae whose cell nucleus is easily dissected 
out, the circadian rhythm in photosynthesis persisted for weeks in the 
absence of the nucleus. If the nucleus from another Acetabularia is trans¬ 
planted the chimera algae shows the circadian rhythmicity of the donor. 
Actinomycin D (an inhibitor of RNA polymerase) suppresses circadian 
rhythmicity in intact Acetabularia but not in the enucleated one. These results 
indicate that the RNA that codes the rhythm persists for a long time in the 
cytoplasm. 11 

Contrariwise, translational phenomena are absolute requirements for cir¬ 
cadian rhythmicity. This is based on numerous experiments using pharmaco¬ 
logical blockers of protein synthesis (e.g. antibiotics like puromycin, 
cycloheximide or cloramphenicol). These drugs block gene translation in 80S 
ribosomes (participating in the synthesis of cytoplasm proteins, like 
puromycin or cycloheximide) or in 70S ribosomes (involved in the synthesis 
of mitochondrial and chloroplast proteins, like cloramphenicol). In algae, 
circadian rhythms of photosynthesis and chemiluminescence are inhibited by 
puromycin or cycloheximide, but not by cloramphenicol. Therefore, the pro¬ 
teins involved in circadian rhythmicity seem to be of a cytoplasm type. In 
rodents, the administration of puromycin or cycloheximide caused phase 
shifts of circadian rhythms showing typical PRC, whereas the injection of 
cloramphenicol did not affect the clock. 

About 20 years ago, some aspects of the early gene expression in the cir¬ 
cadian system were uncovered. The first gene studied in the SCN was the 
c-fos oncogene which exhibited a circadian rhythmicity and a PRC similar to 
the PRC to bright light. From these results it was proposed that the c-fos 
product was a part of the sequence of events that transduce environmental 
light information in circadian response. Lately c-fos studies were extended to 
several other early genes in SCN. 19-23 

Several membrane events were shown to be instrumental in circadian 
rhythm generation. This is relevant when dealing with ultradian phenomena, 
like electrical activity of neurons, whose frequency can be as high 0.5 KHz. 
The rhythmic production of action potentials of different periods is the result 
of membrane processes involving ion channels, second messengers and the 
metabolic cascade triggered by transmitter interaction with receptors. The 
proposed model includes an “oscillatory” protein that becomes periodically 
fixed to the membrane to trigger the cyclic changes in ion permeability in the 


Biological Rhythms in Neuroendocrinology 69 


circadian oscillator. As discussed below, this model generally coincides with 
that derived from molecular biology studies. 1318 

Genetic studies have been very useful to get information on oscillator’s 
nature. They were carried out initially in Drosophila melanogaster and 
Neurospora crassa and more recently extended to rodents by a transgenic 
gene deletion methodology. Generally the objective pursued was the isolation 
of mutants with circadian periods shorter or longer that the wild type. 12 In 
Drosophila mutants occurred with modified periods for circadian rhythms 
like motor activity. In some cases, the mutants were arrhythmic; in some 
other x values were shorter or longer than 24 h. 

These genes were called per S or per L, respectively. These mutations fol¬ 
lowed the classical genetic laws, being dominant, semi-dominant or reces¬ 
sive. Interestingly, ultradian rhythms, like sex behavior, were also abnormal. 
Mutant genes in Drosophila melanogaster are located in the X chromosome. 
A brain transplant of a wild type fly to a per S fly will shorten x in the 
expected way. In some cases, genetic mosaics with two maxima in locomotor 
activity occurred, as if parts of the brain alternate to rule the rhythm. 12 By 
means of molecular biology techniques, the per gene was cloned and 
sequenced. It consists of a 7.7 Kb DNA fragment. Its mRNA was used to 
transfect flies. 

In Neurospora crassa the rhythm examined was the growth of conidia. As 
in the case of Drosophila, mutants with x shorter or longer than 24 h were 
detected. These mutations were called frq (for “frequency”) and followed the 
classical genetic laws, being dominant, semi-dominant or recessive. 

Mutations in per gene of Drosophila or in frq gene of Neurospora include 
an allelic semi dominant series that codes for short or long x as well as for 
arrhythmicity.There are similarities between the frq and per genes, and in 
some cases, identical sequences. This indicates that at least a portion of the 
gene remained unaltered for more than a million years, the estimated time for 
separation between plant and animals. 12 

The regulatory mechanisms that link gene expression with circadian phe¬ 
nomena have been explored with some detail. After elucidation of per struc¬ 
ture the synthesis of the coded protein was possible. Per protein is an 1127 
amino acid proteoglycan. The use of fluorescent anti-per protein antibodies 
allowed the study of its intracellular processing. 

Per protein is a cytoplasm protein widely distributed in tissues of 
Drosophila. It is associated with gap-junction regulation, the most primitive 
mechanism of cell to cell communication. 11 ’ 12 Studies on the per gene indi¬ 
cated two sites of interaction with per protein. This exerts a negative feed¬ 
back on its own synthesis thus giving the basis for an oscillatory synthesis 
control. Per protein and other immunologically related proteins are widely 
distributed among animals and plants. Several circadian genes have been 
identified in animals and plants. 1318 

Indeed, the clock genes are a universal property of living organisms, as uni¬ 
versal as the cell cycle. Since a striking homology is demonstrable in these 
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genes from Drosophila to humans it can be postulated that these genes 
“speak” a common language, as common as the genetic code. 

Figure 2 shows the proposed logical elements of the “interlocked loops” 
model of eukaryotic circadian clocks. Positive transcriptional complexes 
made up of two types of PAS-containing proteins initiate the circadian cycle. 

The activity of PAS1 factors is periodic, transient and limiting, and is trig¬ 
gered by elements of the preceding cycle. Examples are mBmal 1 in mice, 
clock in Drosophila melanogaster and WC-1 in Neurospora. The second cat¬ 
egory of PAS-containing activator (PAS2) is constitutively active (mClock in 
mice, Cycle in the fly and WC-2 in the fungus). The transiently active het- 
eromeric complexes drive expression of core clock genes, encoding function¬ 
ally equivalent proteins. 

The protein products of these genes form heterodimeric complexes that 
control the transcription of other clock genes, notably three Period 
(Perl/Per2/Per3) genes and two Cryptochrome (Cry 1/Cry2) genes, which in 
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Figure 2. Interlocked loop model of cellular circadian clocks. Positive transcriptional 
complexes made up of two types of PAS-containing proteins initiate the circadian 
cycle. The activity of PAS1 factors is periodic, transient and limiting, and is triggered 
by elements of the preceding cycle. The second category of PAS-containing activator 
(PAS2) is constitutively active. The transiently active heteromeric complexes drive 
expression of core clock genes, encoding functionally equivalent proteins. 
“Downstream” genes include arginine vasopressin (AVP), albumin D element-binding 
protein (DBP) and other clock.controlled genes (CCGs). For further detail see text. 
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turn provide the negative feedback signal that shuts down the Clock/Bmal 
drive to complete the circadian cycle. 

Overall these proteins fulfill three types of function. First, subject to 
post-translational modifications and heteromeric associations of their 
own, they enter the nucleus to oppose the positive drive to their cognate 
genes. This delayed negative feedback is facilitated by the simultaneous 
decline in activity of the PAS 1-type factor, and could alone sustain an 
oscillation in gene expression. Such a rhythm would, however, tend to 
dampen with time. 

The second function of the negative factors is to feed forward to trigger the 
subsequent transient availability of the PAS 1-type factor responsible for ini¬ 
tiating the next cycle. This positive feed forward is accomplished at tran¬ 
scriptional (flies, mammals) or post-transcriptional (Neurospora) levels and, 
in combination with the negative loop, enhances the stability, precision and 
amplitude of the cycle. 

The third role of the clock factors is to direct the rhythmic expression of 
downstream, output genes sitting out of the core loops. These out-of-loop 
signals are embedded in essential routes, often transcriptional cascades, 
through which the clockwork communicates circadian phase to the rest of 
the cell. 

Evidence so far indicates that it is accomplished at both transcriptional 
and post-transcriptional levels (Figure 2). 1318 


7. The Central Clock 

In pluricellular organisms individual genomic circadian expression needs to 
be synchronized by a hierarchically superior structure in order to give rise to 
the circadian rhythms. In mammals there is evidence that a region in the ante¬ 
rior hypothalamus, the SCN, is the central pacemaker for the circadian 
rhythms (Figure 3). 24 

These nuclei, that contain a few thousand neurons in man, have the prop¬ 
erty to generate circadian rhythms even in isolation from other brain struc¬ 
tures. SCN integrity is required for generation and maintenance of 24 h 
rhythms, as well as for their synchronization by the environmental light/dark 
cycle. This is remarkable property since most complex behaviors like sleep or 
wakefulness involve operation of large areas of the brain whereas for circa¬ 
dian rhythmicity the major brain region participating is single and has a min¬ 
imal anatomical volume. 24 

Environmental light of an appropriate intensity (like that of natural light 
in the morning) activates a particular type of photosensitive ganglion cells in 
the retina which through specific neuronal projections (the retino-hypothala- 
mic tract) cause the genomic activation of neurons in SCN. 

These photoreceptive cells are unique because: i. they are not located in the 
same retinal layers as the rods and cones; ii. they do not participate in visual 
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Figure 3. Hierarchical organization of the circadian system. The different pathways 
employed by the SCN are depicted. 


processes; iii. they contain a unique photopigment (melanopsin). Information 
generated in SCN neurons is conveyed to specific areas in the basal hypothala¬ 
mus that control the two major communicating systems in the body, the 
endocrine and the autonomic nervous systems. 

Like human oligarchies, the “SCN neuronal oligarchy” exerts genomic 
control of the trillions of cells in the body by monopolizing both the major 
information from the environmental Zeitgeber (light received via the retino- 
hypothalamic tract) and the control of the endocrine and autonomic infor¬ 
mation network (Figure 3). The cooperation of other Zeitgebers, e.g. physical 
activity, to synchronize the clock is also warranted. 

As already mentioned, after the first experimental demonstration of an 
endogenous 24 h rhythm made in plants 8 almost 200 years elapsed before 
similar rhythms were described in primates. 9 This set the basis for looking for 
the tissue responsible to maintain such rhythmicity. 

Since several endocrine organs in isolation (like the adrenals) were able to 
keep a circadian way of secretion even in vitro it was postulated that these 
organs served to maintain the rhythms in other tissues of the body. However, 
surgical endocrine ablations, or lesion of a large number of CNS areas, did 
not eliminate cellular or behavioral circadian rhythms. Only the destruction 
of SCN brought about the complete disappearance of circadian rhythms. 25 ' 28 
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Fundamental evidence to support the clock nature of SCN is given by the 

following observations: 

1. SCN neurons posses an endogenous rhythm of electrical activity even 
in vitro, with a high electrical activity during the day and low at night. 

2. Concomitant to the electrical changes a higher SCN metabolic activity and 
glucose uptake is found during the subjective day. Per and Cry messenger 
RNA’s peak in the SCN in mid-to-late circadian day, regardless of whether an 
animal is nocturnal or diurnal. This is synchronized by light. 

3. Transplantation of intact SCN to animals having their own SCN destroyed 
reestablished the lost circadian rhythmicity. 


8. Circadian Clock Effectors 

SCN grafts restored normal locomotor activity in SCN lesioned hamsters, an 
effect seen in advance to the establishment of synaptic connection between 
the graft cells and the donor. Thus a humoral mechanism was postulated as 
the primary way in which the SCN transplant acted. However it was then 
established that paracrine circadian rhythm restoration was only partial (e.g. 
neither melatonin nor cortisol rhythms were restored) indicating that precise 
synaptic connections are needed for full operation of SCN. 1324 SCN 
paracrine signaling includes the secretion of autacoids like transforming 
growth factor-a or prokineticin-2.The circadian effects of SCN are exerted 
through neuronal projections (Figure 3 and Table 1). They include: 

1. Hypothalamic neuroendocrine parvicellular neurons 

2. Central autonomic neurons located at the hypothalamic paraventricular 
nucleus (PVN) 


Table 1. Functional neuroendocrine relevance of SCN projections. 


SCN projections to: 

Anatomical substrate of circadian effect on: 

Estrogen receptor-containing neurons 
in rostral forebrain bundle and some 

GnRH neurons 

Hypophysial gonadal axis 

Tuberoinfundibular dopaminergic neurons 

Prolactin secretion. 

PVN neurons projecting to the inter- 
mediolateral column 

Release of CRH and ACTH. 

Direct effects of autonomic innervation 
on pineal, thyroid, parathyroid, adrenal, 
pancreatic, hepatic, gonadal and immune 
function 

SubPVN and dorsomedial hypothalamic nuclei 

Sleep-wake cycle 

Hypothalamic parvicellular neurons 

TSH, GH release 

Hypothalamic magnocellular neurons 

Neurohypophysial hormone release 
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3. Hypothalamic areas (subPVN, dorsomedial nucleus, medial preoptic area) 
relaying information from SCN to other autonomic and neuroendocrine neu¬ 
rons. SCN projection of the medial preoptic area is important for sleep regu¬ 
lation. 

4. Extrahypothalamic areas like the lateral geniculate body or the paraventricu¬ 
lar thalamic nuclei. These projections are important for synchronization of 
circadian hypothalamic and behavioral responses. 

Subpopulations of SCN neurons contain different neuropeptides like 
AVP or somatostatin, thus suggesting a functional specialization. Most of 
SCN neurons contain GABA together with a neuropeptide. Glutamate 
was demonstrated to be present in SCN neurons by electrophysiological 
means. 

The existence of several combinations of transmitters in SCN neurons sug¬ 
gests that these neurons have an important degree of diversification to trans¬ 
mit signals. 24 For example, in the case of the daily rhythm of corticosterone, 
particular populations of SCN neurons exert two effects at least: inhibition 
via the rhythmic release of AVP and stimulation through an unidentified 
transmitter. These mechanisms are important for the time-of-day changes in 
stress response. 24 

Another example is given by sex cycle regulation. SCN AVP fibers make 
synaptic contacts with gabaergic interneurons that contain estrogen receptors 
in medial preoptic area and to a much lesser degree with gonadotropin¬ 
releasing hormone (GnRH) neurons. A normal release of AVP is needed to 
have a normal secretion of GnRH and thus of luteinizing hormone (LH). 

It is of interest that this facilitatory effect of AVP on the GnRH-LH axis 
coincides with the inhibitory action of AVP on corticosterone secretion. Thus 
through the secretion of AVP, SCN neurons decrease the stress response and 
facilitate sexual receptivity. 29 30 

Recently another mechanism has been increasingly mentioned to convey 
SCN signals to tissues and organs in the body. This is the modulation of hor¬ 
monal or immune response via the autonomic innervation to these tissues. 

We proposed such a mechanisms more than 10 years ago by examining the 
effect of the sympathetic and parasympathetic innervation in a number of 
endocrine glands, describing that in a number of circumstances it is needed 
for normal response to physiological stimuli (circulating thyrotropin, TSH, 
for thyroid follicular cells; extracellular Ca 2+ changes for thyroid C cells and 
parathyroid cells). 31 ' 33 

In the case of the adrenal cortex there is evidence that besides the clas¬ 
sic neuroendocrine command given by the hypothalamic-hypophysial axis 
gland’s innervation also plays a role to determine the final levels of corti¬ 
costerone secretion. 34 35 In view of the relevant projections of SCN neu¬ 
rons on autonomic descendent pathways it is clear that the final tune of 
corticoid secretion by SCN is also exerted via neuroendocrine and auto¬ 
nomic means. 
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This seems to be a general principle not only for the endocrine system but 
also for primary and secondary immune organs. 36 ’ 38 Circadian rhythmicity of 
lymph cell proliferation submaxillary lymph nodes is regulated by autonomic 
sympathetic and parasympathetic nerves. Recently similar findings were 
made in the liver, e.g. with the beginning of the activity phase SCN neurons 
augment tissue sensitivity to insulin and glucose production in the liver by a 
combined hormonal and neural effect. 39 

It is important to stress that anatomopathologic studies of human SCN have 
revealed that most of neuroanatomically obtained results in rodents can be 
extrapolated to humans. 40 High electrical activity of SCN during the day 
occurs both in nocturnal animals like the hamsters as well as in diurnal animals 
like primates. However, in primates corticoid secretion and initiation of the 
activity phase (characterized by a high sympathetic tone and higher body tem¬ 
perature) occur at the beginning of the light phase and not at the beginning of 
the night as in rodents. This means that the signal produced by the SCN is dif¬ 
ferentially interpreted in the case of nocturnal and diurnal animals by mecha¬ 
nisms that remain undefined. It should be noted that the only sympathetic 
territory stimulated in humans at night is that of the pineal gland, responsible 
for melatonin secretion. 


9. The Neuroendocrine Rhythms 

In humans both sleep and hormone secretion is controlled by a double com¬ 
mand system given by the predictive and the reactive homeostasis 
processes. 2 ’ 41 Reactive homeostatic mechanisms link the depth of sleep with 
duration of preceding wakefulness while the circadian mechanisms play a 
fundamental role to determine initiation of sleep and relative duration of 
REM and NREM sleep phases. 

The recurrent cycles of NREM and REM sleep are accompanied by major 
changes in all physiological systems of the body. Indeed it can be said that we 
live sequentially in “three different bodies”: that of wakefulness, that of 
NREM and that of REM. For an adult living 75 years, approximately 50 
years are lived in wakefulness, 19 years in NREM sleep and 6 years in REM 
sleep. NREM sleep duration readily decreases (about 30 min per decade) and 
stages III and IV or non REM sleep represent less than 10% of total sleep 
after 40-50 years of age. This decrease is compensated by increases in stages 
I and II while REM sleep or total duration of sleep remain more stable. 

Striking differences between these three physiological stages have been 
documented. During NREM sleep there are decreases in blood pressure, 
heart rate, and respiratory rate, and release of anabolic hormones like 
growth hormone (GH) and prolactin together with a general increase of 
the immune function. The concomitance of these events gives credence to 
the notion that NREM sleep is functionally associated with anabolic and 
cytoprotective processes. The brain itself is hypoactive as indicated by a 
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20-30% reduction in oxygen consumption, resembling what is seen in a light 
anesthesia. 

In contrast, REM sleep is associated with an “antihomeostatic” stage. 
The regulatory mechanisms controlling the cardiovascular, respiratory and 
thermoregulatory functions become grossly inefficient. Heart rate and 
blood pressure increase out of feedback control, and respiratory rate 
becomes irregular. Penile erection in males and clitoral engorgement in 
females accompany the brain and autonomic activation of this phase and 
the somatic musculature is actively inhibited. Awakening from activated or 
REM sleep typically yields detailed reports of hallucinoid dreaming, even 
in subjects who rarely or never recall dreams spontaneously. This indicates 
that the brain activation of this phase of sleep is sufficiently intense and 
organized to support complex mental processes and again argues against a 
rest function for most of the brain during REM sleep. Indeed, several areas 
of the brain, like the limbic system, are more active in REM sleep than dur¬ 
ing wakefulness. 12 

A significant physiological concomitant of the antihomeostatic stage of 
REM sleep is the loss of temperature regulation. If ambient or core temper¬ 
ature begins to fall, sleep is interrupted, but thermoregulatory processes can¬ 
not be brought into play during REM sleep. Thus the notion that we humans 
are exclusively homoeothermic animals is not longer tenable. 

Two interacting processes regulate the timing, duration and depth, or 
intensity, of sleep: a homeostatic process that maintains the duration and 
intensity of sleep within certain boundaries and a circadian rhythm that 
determines the timing of sleep. The homeostatic process depends on immedi¬ 
ate history: the interval since the previous sleep episode and the intensity of 
sleep in that episode. This drive to enter sleep increases, possibly exponen¬ 
tially, with the duration since the end of the previous sleep episode. It declines 
exponentially once sleep has been initiated. This reinforces the cyclical nature 
of sleep and wakefulness and equates sleep with other physiological needs 
such as hunger or thirst. The homeostatic sleep drive controls NREM sleep 
rather than REM sleep. 2 

In contrast, the phase and amplitude of the circadian rhythm are inde¬ 
pendent of the history of previous sleep but are generated by the major pace¬ 
maker, the SCN. The circadian variation of human sleep propensity is 
roughly the inverse of the core body temperature rhythm: maximum propen¬ 
sity for sleep and the highest continuity of sleep occur in proximity to the 
minimum of temperature. 

For most adenohypophysial hormones their 24 h rhythmicity result from 
the interaction of the circadian clock with the sleep homeostat and include 
pulsatile, ultradian components of about 90 min, which is the time elapsed 
between every NREM and REM. These hormonal rhythms depend mostly 
on the sleep homeostat (e.g. GH, prolactin), on the circadian clock (e.g. cor¬ 
tisol, melatonin), or on both (e.g. TSH). 42-44 
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9.1. Hormones Controlled by Reactive Homeostatic 
Mechanisms 

9.1.1. Prolactin 

In normal young adults the pattern of prolactin secretion is characterized by 
an increase immediately after sleep onset and during the first half of the 
night. Sleep onset, which is accompanied by a predominance of NREM 
sleep, has a prolactin releasing effect regardless of the time of the day sleep 
occurs. However, amplitude of prolactin release is less when sleep occurs at 
a time different from the night, indicating that a circadian component is also 
involved. This circadian component is more pronounced in women. 42 
Presumably it involves the pineal gland and melatonin as shown by the inhi¬ 
bition of prolactin levels in subjects in darkness exposed to a bright light 
pulse (a situation in which melatonin secretion is inhibited) and by the stim¬ 
ulatory effect of melatonin on prolactin secretion when administered during 
the day. 

Prolactin release is closely associated with NREM sleep. Sleep alterations 
(e.g. sleep apnea) show very low nocturnal prolactin levels. Aging is associated 
with changes in both processes of sleep (circadian and homeostatic). 43 Those 
of the sleep homeostat are shown by the exponential decrease of NREM sleep 
and of prolactin and GH secretion and are completed at 50-60 years of age. 
In the case of the circadian component (as evaluated by the secretory pattern 
of cortisol and melatonin) they become evident at a later age. 43 45 

9.1.2. GH 

The effect of NREM sleep on GH release has been known for more than 30 
years. In normal young adults the circulating profile of GH consists of low 
stable concentrations together with secretory pulses. In men, more than 70% 
of constitutive GH secretion occurs shortly after sleep onset. In women, 
some high amplitude secretory pulses also occur during the day, with a posi¬ 
tive correlation between estradiol and daily GH levels. 42 

Changes in sleep/wake cycle are followed readily by changes in GH secre¬ 
tion. As in the case of prolactin, circadian influences on GH secretion are 
apparent. In addition, the relation of GH release to NREM sleep although 
obligatory is not consistent. About one/third of NREM sleep episodes are 
not accompanied by GH secretion. This could depend on variations in 
somatostatinergic tone in median eminence. 

The decrease of GH levels as a function of age follows an exponential rela¬ 
tionship, reaching at the middle of life 40% of the values found in the young 
in the absence of significant decreases of steroid hormone levels. In a study 
comprising 114 normal men, daily secretion of GH at 25-35 years of age and 
at 60 years of age was 50 and 30% of that seen at 16-25 years of age. These 
changes were independent of body mass index. 41 ’ 43 45 
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Aging is associated with dramatic decrease in the circulating levels of GH 
and insulin-like growth factor (IGF)-l a. This is due to reduction of peak 
amplitude rather than to modification of frequency of release. The decline of 
IGF-1 a is more gradual than that of GH. In the elderly, IGF-1 a levels are 
about 50% those in young, with a great interindividual variability. About 20% 
of normal men elder than 60 years exhibit normal IGF1 a levels. 

The primary alteration that explains GH reduction with age is a concomi¬ 
tant increase in somatostatinergic tone of median eminence. The secretory 
capacity of adenohypophysial cells remains unaltered with age. These obser¬ 
vations are the basis for the use of growth hormone releasing hormone 
(GHRH) in old subjects. It must be noted that it is impossible to reproduce 
the normal release of GH by these means, or by GH administration. Some 
studies indicate that NREM sleep promotion could represent a novel “secre- 
tagoge” for GH useful for somatopause treatment. Examples of this are y- 
hydroxybutyrate 46 or melatonin, that promote central gabaergic activity 47 and 
NREM sleep. 48 

9.1.3. TSH 

TSH is a hormone controlled both by the sleep wake homeostat and by the 
circadian clock. Frequency and amplitude modulation of TSH release 
rhythm occurs. During the day, TSH levels are low and relatively stable. In 
young adults a late afternoon elevation ensues, attaining its maximum at 
the initiation of sleep. The late afternoon elevation indicates the regulatory 
effect of the circadian clock whereas the decrease at the beginning of sleep 
underlines the inhibitory influence of sleep on TSH release. During sleep 
deprivation the nocturnal decline of TSH is not longer seen. This inhibition 
is related to NREM sleep and in some cases REM sleep coincides with TSH 
secretion. 

The late afternoon increase of TSH is considered a circadian marker. On 
the other hand the inhibition of TSH by NREM sleep illustrates the interac¬ 
tion between sleep and the circadian rhythmicity. Aging is associated with a 
progressive decrease of TSH secretion by decreasing amplitude rather than 
frequency of the secretory pulses. 41 

9.2 . Hormones Controlled Principally by the Circadian Clock 

9.2.1. Cortisol 

The 24 h changes in circulating cortisol levels are a reflection of the circa¬ 
dian control of ACTH secretion. This results from the periodic changes in 
pituitary stimulation by CRH. In young adults the maximum in plasma 
cortisol occurs in the morning, around 0700-0800 h, and is followed by an 
impending decrease with a nadir at midnight and an abrupt elevation late 
at the second half of sleep. 41 This profile is under the control of the circa¬ 
dian pacemaker through modulation of amplitude of pulses. However, 
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participation of sleep is also demonstrable since initiation of sleep always 
coincides with profound inhibition of cortisol secretion by an effect attrib¬ 
uted to NREM sleep. During the second part of the night, awakenings and 
particularly the last REM episode are consistently followed by bursts of 
cortisol secretion. 

Aging is associated with changes in plasma cortisol. In a retrospective 
study of 90 men and 87 women (age 18 to 83 years) higher circulating corti¬ 
sol levels were seen in young men as compared to age-matched women. 41 The 
24 h variations are detectable even in the elder subjects. The cortisol profile 
after 50 years of age shows a consistent and moderate increase in both sexes. 
Between 20 and 80 years of age cortisol levels increases by 20-50% (more in 
females). Therefore mean cortisol levels tend to be similar between sexes after 
60 years of age. Typically, the nadir of cortisol rhythm at 70-90 years of age 
is about 3-4 times higher than in a young adult. There is also a phase advance 
of the cortisol rhythm in the aged subjects. 41 

Several clinical and experimental studies have indicated a deleterious effect 
of high cortisol levels on the hippocampus, more pronounced in the nadir of 
the 24 h rhythms rather than in its zenith. Even a modest increase of after¬ 
noon cortisol can be associated with memory disturbances and increased 
insulin resistance. 5 

9.2.2. Melatonin 

Plasma concentration of melatonin varies on a 24 h basis, with maximal val¬ 
ues at night (about 200 pg/ml) and minimal during the day (10-30 pg/ml). 49 
In humans the peak of melatonin secretion is at 0002 - 0006 h and does not 
exhibit any consistent relation with the sleep phase (Figure 4). While melatonin 
is produced in most organisms from algae to mammals, and its role varies 
considerably across the phylogenetic spectra, 50 in humans it seems to play a 
major function in the coordination of circadian rhythmicity, remarkable the 
sleep-wake cycle. 49 51 

The circadian rhythm of melatonin is generated by the SCN of the hypothal¬ 
amus, and like many other circadian rhythms, it is synchronized to a 24-hour 
period largely by cues from the light-dark cycle received mainly via the retino- 
hypothalamic pathway to the SCN. 

The evening increase of melatonin secretion is associated with an increase 
in the sleep propensity. Secretion of melatonin during the day, as seen in 
diverse pathologic or occupational health situations, is strongly associated 
with daytime sleepiness or napping, while the administration of melatonin 
during the day causes sleepiness. 52 

Melatonin secretion is an “arm” of the biologic clock in the sense that it 
responds to signals from the SCN and in that the timing of the melatonin 
rhythm indicates the status of the clock, both in terms of phase (i.e., internal 
clock time relative to external clock time) and amplitude. From another point 
of view, melatonin is also a chemical code of night: the longer the night, the 


80 Daniel P. Cardinali and Ana I. Esquifino 



Figure 4. Involvement of melatonin in the transmission of photoperiodic informa¬ 
tion to peripheral clocks. Neuronal efferent pathways from the SCN directly distrib¬ 
ute circadian information to different brain areas, including the pineal gland, that 
generates the melatonin rhythm. The neural route for environmental lighting control 
of melatonin secretion includes the intermediolateral column of the thoracic chord 
gray and the superior cervical ganglion. The generated melatonin rhythm is used by 
the SCN to distribute its rhythmic information. The possibility that there could be two 
compartments of melatonin affecting physiological function, with melatonin concen¬ 
tration in brain about 50 times greater than in plasma, has been proposed. 54 


longer the duration of its secretion. In many species, this pattern of secretion 
serves as a time cue for seasonal rhythms. 49 

Daily timed administration of melatonin shifts the phase of the circadian 
clock (Figure 1), and this phase shifting may explain melatonin effect on sleep 
in humans. Indirect support for this physiological role came from clinical 
studies on blind subjects showing free running of their circadian rhythms 
while a more direct support for the hypothesis was provided when the PRC 
for melatonin was demonstrated to be opposite (i.e. 180 degrees out of phase) 
to that of light. 51 

Melatonin (in a dose of 5 mg daily, timed to advance the phase of the inter¬ 
nal clock) can maintain synchronization of the circadian rhythm to a 24-hour 
cycle in sighted persons who are living in conditions likely to produce a 
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free-running rhythm, and it synchronizes the rhythm in some persons after a 
short period of free-running. In blind subjects with free-running rhythms, it 
has been possible to stabilize, or entrain, the sleep-wake cycle to a 24-hour 
period by giving melatonin, with resulting improvements in sleep and 
mood. 53 The phase shifting effects of melatonin were also sufficient to 
explain its utility as a treatment for circadian-related sleep disorders such as 
jet lag or the delayed phase sleep syndrome. 

Coincidence of melatonin secretion with the dark phase of 24 h cycle is a 
common fact in living organisms. In higher vertebrates there are some differ¬ 
ences in the temporal relationship of the peak in melatonin with initiation of 
the scotophase. 

Three patterns are detectable in melatonin secretion. For Type I (e.g. 
hamsters, mice) there is a latency of several hours from the beginning of the 
dark phase and a blunting of the peak some hours in advance to the end of 
darkness. Type II includes those species in which melatonin levels gradually 
augment after light-dark transition to attain their maxima at the middle 
of scotophase, decreasing thereafter before dark-light transition. The rat 
and the human show this type of melatonin profile. In the case of type III, 
melatonin augments abruptly with the beginning of the dark phase and is 
kept high till the very end of the dark period. This is the case of sheep or 
cats. 

The amplitude of melatonin peak is affected by several factors: 

• Age: day-night differences in melatonin concentration decrease with age 
(i.e. levels in childhood are about 6-7 times higher than in the old age). 

• Season: with phase advances in summer and phase delays in the winter. 

• Menstrual cycle: with moderate decrease at the periovulatory period. 

• Life style: any situation (shift work, night work, chronic disease) that affects 
exposure time to sunlight 

• Drugs: some pharmacological agents decrease melatonin secretion (e.g. ben¬ 
zodiazepines, adrenergic beta-blockers). Other augment it (e.g. MAO 
inhibitors, tricyclic antidepressants). 

• Environmental light: artificial bright light (2500 lux at least, approximately 
the intensity in late afternoon during the summer) blunts the nocturnal 
peak of melatonin after a brief exposure. The same light intensity applied 
at late night, close to dark-light transition, will cause a phase advance of 
melatonin rhythm whereas when applied at early night will cause a phase 
delay. 

• Stress: several stressors (e.g. hypoglycemia, surgery, immobilization) mod¬ 
ify melatonin secretion. In man physical exercise augments melatonin 
secretion 

• Cardiovascular disease, like coronary disease or congestive heart failure. 7 55 

Although day to day melatonin secretion is remarkable constant within 
individuals the interindividual variation is very high. Hypotheses enter¬ 
tained to explain this were genetic as well as epigenetic (e.g. environmental 
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influences during intrauterine life). Recent studies offer support to the 
hypothesis that the interindividual variations of melatonin production are 
determined genetically. 56 

9.3. Other Hormones 

Most circulating hormones show a circadian rhythmicity. 57 ' 59 For example, 
the renin-angiotensin-aldosterone system exhibits nocturnal peaks mainly 
coinciding with sympathetic activation in REM sleep. 

Gonadotropins show a pulsatile pattern of release in addition to circadian 
variations, LH release coinciding somewhat with REM episodes during the 
night. 41 Hormones participating in the control of calcemia show a circadian 
rhythmicity. 60 ' 62 In addition bone resorption processes are linked to the qual¬ 
ity of sleep. A significant effect of melatonin on bone calcification has been 
recently described. 63 

Neurohypophysial hormones show nocturnal maxima that are dependent 
on the circadian clock via melatonin secretion. 64 In humans melatonin 
administration increases the release of oxytocin and vasopressin while in the 
rat an opposite effects is found. 

Pinealectomy affects both the circulating oxytocin and vasopressin levels 
as well as the electrical activity of supraoptic and paraventricular magnocel- 
lular neurons. Pinealectomized rats exhibit a reduced homeostatic response 
to hypovolemia or hypernatremia. Interestingly, not only release of neurohy¬ 
pophysial hormones but their renal effects show circadian rhythmicity possi¬ 
bly by the activation of autonomic mechanisms above mentioned. 64 
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Biological Clock Control of Glucose 
Metabolism 

Timing Metabolic Homeostasis 

Marieke Ruiter, Ruud M. Buijs and Andries Kalsbeek 

1. Homeostasis 

The development of the concept of homeostasis began in the mid 19 th cen¬ 
tury, when Claude Bernard (1813-1878) claimed that ‘la fixete du milieu 
interieur’ is essential for higher organisms to survive in an ever changing envi¬ 
ronment. “Standing or staying the same” is the literal meaning of the term 
homeostasis, which was introduced later by Walter B. Cannon (1871-1945) 
and derived from the Greek words homeios (the same) and stasis (staying). 
However, as Cannon emphasized, homeostasis does not mean something set 
and immobile that stays exactly the same all the time. In his words, home¬ 
ostasis “means a condition that may vary, but which is relatively constant”. 
This definition was refined by Donald C. Jackson (1987): “Homeostasis is 
not a single optimal control condition but rather a variety or continuum that 
varies with the animal’s circumstances. Set points or regulated values are not 
fixed, but may change depending on ambient conditions or because of chang¬ 
ing physiological conditions or demands.” 

A very clear example of a changing ambient condition with consequent 
changes in physiological demands is the daily cycle of light and dark. As the 
earth rotates around its own axis, light and dark periods occur intermittently 
and in a regular pattern. Most animals have therefore adopted a certain daily 
activity pattern, depending on their specific habitat, body composition or 
feeding preferences. This has a profound impact on their energy requirements 
throughout the daily cycle of light and dark. Fortunately, as the light-dark 
cycles keep repeating, this variation in energy need is very predictable. This 
offers the possibility not only of maintaining homeostasis by keeping the 
physiological parameters at a preferred level, but also of preventing distur¬ 
bance of homeostasis by anticipation of the regularly recurring changes in 
energy need. This means that the set-point itself changes over the 24-hour 
period, thus providing an organism with the major advantage of having a 
timing system that guarantees storage and mobilization of energy resources 
at the right moments of the day. 
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2. The Timing System 

The mammalian biological clock in the brain, harbored in the suprachias- 
matic nucleus (SCN), is located in the anterior hypothalamus, on top of the 
optic chiasm. 1-3 It oscillates endogenously 4 5 and synchronizes these oscilla¬ 
tions to the light-dark cycle by means of the light-dark information it receives 
directly through the eyes 6 " 9 . At the basis of the daily rhythms generated by the 
SCN are a set of genes known as the ‘clock genes’. Rhythmic transcription of 
two of these genes, named clock and bmall, drives negative and positive feed¬ 
back loops, involving the expression of the other clock genes: period (perl - 
per3), cryptochrome (cryl and cry2), Rev-Erba (reviewed by Reppert and 
Wea-ver 10 ) and decl and dec2. n The molecular clock drives the expression of 
many other genes in the SCN, thus composing a timing signal, which is sent 
to other areas within the brain and the rest of the body via several types of 
projections. The phase and function of this molecular clock in the various 
subpopulations of SCN-neurons may differ. 12 

Anterograde tracer injections into the SCN have revealed a very 
restricted range of projection sites, mainly within the medial hypothala¬ 
mus. 13 Outside the hypothalamus, only the intergeniculate leaflet (IGL) 
and the paraventricular nucleus of the thalamus (PVT) receive direct SCN 
projections. Retrograde tracing from these target areas has revealed dis¬ 
tinct subpopulations of SCN cells, each sending their signal to different 
target areas. 14 Direct projections to neuroendocrine neurons 1519 and auto¬ 
nomic paraventricular (PVN) neurons 20-23 enable the SCN to impose its 
rhythmic signal on the physiology. Many PVN neurons project to the 
median eminence and the pituitary and regulate pituitary hormone secre¬ 
tion. 23 Moreover, the preautonomic PVN neurons can change the sensitiv¬ 
ity of peripheral organs to the pituitary hormones via the autonomic 
nervous system. 24 

Other intra-hypothalamic target areas, such as the medial preoptic area 
(MPO), dorsomedial hypothalamus (DMH), lateral hypothalamus (LHA), 
ventromedial hypo-thalamus (VMH) and subPVN probably serve as inte¬ 
gration areas, since they are involved in a wide variety of physiological 
functions. For instance, the MPO is involved in the regulation of body tem¬ 
perature and gonadal hormone secretion, 25 the DMH is important for 
sleep/wake regulation, 26 27 ACTH and corticosterone secretion 28 and the 
regulation of food intake, 29-31 the LHA is involved in sleep-wake regulation 
and ingestive behavior 32 and the VMH in regulation of energy metabo¬ 
lism. 3334 

By projecting to, and closely cooperating with, these nuclei, the SCN is able 
to modify the autonomic output of the hypothalamus and induce daily hor¬ 
mone rhythms, thus integrating its daily signal with mammalian physiology. 
Furthermore, the SCN neurons and their projections express a wide range of 
different neurotransmitters and peptides that have inhibitory or stimulatory 
effects on their target neurons. These substances are present in many different 
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combinations, 35 ’ 36 offering the possibility of an even more differentiated SCN 
output. 


3. Peripheral Clocks 

The molecular clock machinery described above is present not only in most 
of the SCN neurons but also in many peripheral tissues. Clock genes have 
been identified in liver, 37 38 lung, and skeletal muscle tissue, 39 as well as in the 
heart 38 40 and pancreas. 41 

A discussion about the role of the SCN as a ‘master clock 5 continues, as 
conflicting evidence is being gained on this subject. Evidence in favor of the 
‘master clock 5 theory is abundant (reviewed by Reppert and Weaver 10 ). 
Blockade and stimulation of sympathetic activity showed that the activity of 
the autonomic nervous system may be an important factor in the regulation 
of peripheral clocks in the liver. 42 Furthermore, lesions of the SCN abolish 
or dampen rhythms in peripheral perl gene expression, 42 44 which can be rein¬ 
stated by adrenaline injections. 42 It has been proposed that the SCN is able to 
sustain endogenous oscillations because of its paracrine neuropeptide 
(vasoactive intestinal peptide, VIP) signaling, a feature that peripheral oscil¬ 
lating cells do not possess. 36 Until recently, it was widely accepted that perl 
gene expression in organ explants in vitro oscillates no longer than 7 
days. 5 ’ 37 ’ 39 ’ 43 ’ 44 However, recent results, gained from per2 transgenic mice, do 
show persistent per2 expression in mice with SCN lesions and in cultured 
peripheral tissue. 45 Without the SCN, the phases of per2 expression in differ¬ 
ent peripheral tissues seem to drift apart, instead of dampening. These find¬ 
ings indicate that the SCN acts as a ‘synchronizer 5 rather than a ‘driver 5 of 
circadian gene expression. 

Besides light as the main Zeitgeber, other time cues, such as food availabil¬ 
ity, have been shown to have a major impact on the synchronization of 
peripheral clock gene expression to the environment. Evidence for a “food 
entrainable oscillator 55 was first ob-tained by Stephan and colleagues, 46 who 
have shown that rats with an SCN lesion can still be entrained to a feeding 
schedule. Furthermore, intact rats can be entrained to a feeding schedule, 
thereby uncoupling peripheral clock gene rhythms from the rhythm in the 
SCN. 47 ’ 48 Besides affecting molecular clocks, the effect of restricted feeding 
can also be seen in liver physiology and hormonal profiles. 49 50 Recently, car¬ 
bohydrate avail-ability, which affects the redox state of cells, was proposed to 
act as an input regulator for the peripheral clock genes Clock, Bmall, and 
Npas2, 51 ’ 52 providing the first specific mechanism proposed for feeding-medi¬ 
ated entrainment of circadian clocks in mammals. 

The exact function of the peripheral molecular clock has thus not yet been 
eluci-dated. We suggest that it may serve a purpose in situations where food 
availability is not in synchrony with an animal’s usual activity pattern, which 
may create the need to un-couple peripheral oscillations from the central 
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timing signal of the SCN in order to use available energy resources as effi¬ 
ciently as possible. Furthermore, peripheral clocks ena-ble peripheral organs 
to oscillate without the need of a continuous SCN input. 

In the present chapter, we will discuss the daily glucose metabolism in more 
detail, to illustrate the importance of the circadian timing system for mam¬ 
malian physiology and the mechanisms used by the SCN to control general 
physiology. 


4. Glucose Metabolism 

Glucose is a very important energy source, in fact for some organs, such as 
the brain, it is in normal circumstances the only energy source. Because the 
brain is unable to store glucose as glycogen, it depends completely on glucose 
that enters the brain via the circulation. Sufficient amounts of glucose must 
therefore be available at all times, and controlling other organs, that do have 
the capacity to store or produce glucose, is very important. 

The first evidence that the SCN is directly involved in the regulation of glu¬ 
cose metabolism came from experiments by Nagai and coworkers, who 
showed that electrical stimulation of the SCN resulted in augmented plasma 
glucose concentrations. 53 Intraperitoneal administration of a- and p-blockers 
prevented this effect. 54 In the following years, more studies were performed, 
that tried to elucidate how the SCN is involved in the control of the many dif¬ 
ferent aspects of glucose homeostasis regulation. 

Plasma glucose concentrations in both humans and rats were shown to rise 
during the sleep period, and to peak at the onset of the activity period, inde¬ 
pendent of food intake and locomotor activity (Figure IB). 55 56 In humans, this 
morning glucose peak has been termed the ‘dawn phenomenon’. Furthermore, 
the speed at which an injected bolus of glucose is cleared from the plasma (glu¬ 
cose tolerance, Figure 1 A) varies at different moments of the light-dark cycle, as 
does the capability of insulin to stimulate glucose uptake (insulin sensitivity). 
Both are highest at the onset of the activity period. 57 ' 59 

Increases or decreases of plasma glucose levels can be caused by a number 
of processes involving several organs in the body and several stimulatory and 
inhibitory mechanisms. Plasma glucose concentrations decrease when glu¬ 
cose is taken up into cells for oxidation (e.g. by skeletal muscle or brain) or 
storage (e.g. in muscle, liver or adipose tissue). 

Plasma glucose concentrations increase due to absorption of glucose from 
the gastrointestinal tract after feeding, or due to glucose production via the 
breakdown of glycogen (glycogenolysis in the liver), or de novo glucose synthe¬ 
sis (gluconeogenesis in liver, kidneys 60 and small intestines 61 ). Suprachiasmatic 
modulation of these processes may, as argued above, occur via hormonal or 
neuronal pathways, or a combination of both. 

The control of glucose homeostasis involves several well-known hor¬ 
mones. Elevated plasma glucose levels stimulate the pancreatic fJ-cells to 
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Figure 1. In rats, both glucose tolerance 57 (A) and plasma glucose concentrations 55 
(B) show peak levels at the onset of the dark (activity) period. A: A glucose bolus was 
injected at different zeitgeber times and blood samples were taken at t = 0, 2, 10, 20, 30 
and 60 min. Values are changes in glucose concentration from baseline at t = 0. Small 
peaks indicate rapid clearance of the injected glucose from plasma into tissue. B: 24-hour 
plasma glucose profiles in freely moving ad libitum (black circles) and meal-fed (open cir¬ 
cles) rats. 10-minute meals were given every four hours, depicted here by vertical dotted 
lines. Black bars indicate the dark period. Values are given as mean ± SEM. 


secrete insulin. Subsequently, insulin stimulates the uptake of glucose into 
cells, e.g. after a meal or, in a more experimental situation, after injection of 
a glucose bolus (glucose tolerance test). Furthermore, it decreases the 
plasma glucose concentration by inhibiting hepatic glucose production. 62 
Glucagon, produced in the pancreatic a-cells, is known for its stimulatory 
effect on hepatic glucose production 63 64 and its release is elicited by a rapid 
decrease in plasma glucose levels. Glucagon secretion is inhibited by 
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insulin 65 66 and glucagon stimulates insulin release via both indirect (glucose- 
mediated) and direct pathways. 67 

Apart from glucagon, several other hormones have a stimulatory influence 
on hepatic glucose output. Epinephrine, produced in the adrenal medulla, 
stimulates glucose production in case of hypoglycemia, but also during exer¬ 
cise. When infused, it first stimulates glycogenolysis. Later on, it enhances 
gluconeogenesis. 68 

Another hormone known for its stimulatory effect on glucose mobilization 
is growth hormone, secreted from the pituitary. It induces hepatic insulin 
resistance and thus promotes hepatic glucose output. 69 Corticosterone (or 
cortisol in humans), produced in the adrenal cortex, also stimulates gluco¬ 
neogenesis and induces insulin resistance. 70 

Besides a hormonal control of glucose homeostasis, a multitude of studies 
has provided evidence of a neuronal control of several aspects of glucose 
metabolism. As early as 1855, Claude Bernard showed that stimulating the 
floor of the fourth ventricle in the brain caused hyperglycemia. 71 

Furthermore, in tracing studies, the central origins of the autonomic inner¬ 
vation of peripheral organs have been identified. By use of the transsynaptic 
retrograde tracer Pseudorabies virus (PRV), direct multisynaptic connections 
were shown between the hypothalamus and many organs that are in some 
way important for glucose homeostasis, such as the liver, 72 73 the pancreas, 20 
adipose tissue, 74 75 the heart, 76 kidneys, 77 adrenals 24,73 and pineal gland. 22 Via 
these neuronal pathways, the brain may be able to control organs involved in 
glucose production and utilization directly, as well as the secretion of the 
above-mentioned hormones, that in turn influence glucose metabolism. 

Thus, there are hormonal and neuronal pathways that the SCN can use to 
send its timing signal to the periphery and modulate daily glucose homeosta¬ 
sis (Figure 1). Furthermore, SCN control of the availability and utilization of 
other nutrients may have an impact on the way different aspects of glucose 
metabolism are regulated. In the following we will discuss how, i.e. by means 
of which output pathways, the SCN might control the daily plasma glucose 
rhythm. 


5. The Liver 

The liver is a central organ in glucose metabolism. When glucose is taken up 
from the intestinal tract, it reaches the liver via the portal vein. There, it is 
taken up mostly via insulin-independent pathways, via the high-capacity 
glucose transporter GLUT2. 78 It is then either transformed into the poly¬ 
saccharide glycogen via the glycogenic enzymes glucokinase and glycogen 
synthase, to store it with reduced osmotic value, or directed to glycolysis. 
Thus, glucose can be stored in the liver and released when needed, e.g. dur¬ 
ing sleep when no food intake occurs. In rats, the glycogen content of the 
liver shows a circadian rhythm, with peak levels at the end of the dark 
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period, as shown in several studies. 79 ' 82 The liver is not only a glucose stor¬ 
age organ; it is also capable of producing glucose. This was already recog¬ 
nized by Claude Bernard in 1848. Glucose release from the liver into the 
circulation occurs via the breakdown of stored glycogen (glycogenolysis) 
and through de novo glucose synthesis from non-glucose precursors like lac¬ 
tate, alanine, glycerol and glutamine, in a process called gluconeogenesis. In 
a normal situation, both processes occur continuously, at basal rates, but 
during fasting the contribution of gluconeogenesis increases gradually. 
Glycogen stores are mostly depleted after one night of fasting, and although 
the rate of glycogenesis is decreased, both glycogenesis and glycogenolysis 
continue at a basal rate until extreme starvation. 83 ' 85 

In rats, both plasma glucose concentrations and glucose tolerance peak at 
the onset of the activity period, 55 57 i.e. at the time when rats have not started 
feeding yet. Therefore, the increase in plasma glucose can only occur if glu¬ 
cose production by the liver is high at that moment as well and it has there¬ 
fore been suggested that hepatic glucose production is stimulated at the onset 
of the activity period. 86 Indeed, gluconeogenesis, 87 and more specifically the 
presence and activity of the gluconeogenic enzyme phosphoenolpyruvate 
carboxykinase (PEPCK) is rhythmic in the liver, with high levels at times 
when the animals are not feeding. Although the abundance of this enzyme is 
strongly correlated with feeding, the rhythm persists even in the fasted state, 
indicating that it is a feeding-independent circadian rhythm. 88 89 

The liver receives projections from both parasympathetic and sympathetic 
preautonomic neurons, 72 ’ 90 and is connected to the SCN via both branches of 
the autonomic nervous system. 91 It has been known for decades that sympa¬ 
thetic nerve activity in general stimulates hepatic glucose production. 92 ' 95 
More specifically, electrical stimulation of the VMH causes an increase in 
glucose production via activation of sympathetic nerves innervating the 
liver. 96 Furthermore, electrical stimulation of the SCN causes hyperglycemia, 
which is prevented by the administration of autonomic blockers. 53 54 

Hepatic glucose uptake caused by an increase of glycogenesis and inhibi¬ 
tion of gluconeogenesis is stimulated by activation of the LHA. 97 Blockade 
of sympathetic hepatic nerves also results in an increase of glucose uptake. 
Activation of parasympathetic nerves innervating the liver leads to increased 
glycogen storage and an inhibition of hepatic glucose output. 98 99 Conversely, 
parasympathetic hepatic denervation impairs glycogen storage in the liver 100 
and it increases hepatic glucose production. 101 Moreover, a diurnal rhythm in 
hepatic glycogen content is likely to be induced via the autonomic nervous 
system, as this rhythm is independent of circulating glucose and insulin. 102103 

Indeed, selective hepatic denervation disrupts the rhythmic properties of 
plasma glucose concentrations. Both hepatic sympathectomy as well as 
hepatic vagotomy abolished the daily glucose rhythm published previously, 55 
and resulted in glucose levels comparable to the daily peak measured in intact 
rats. 104 This effect was somewhat surprising since, based on the literature about 
sympathetic blockade presented above, decreased glucose concentrations were 
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expected after a sympathetic denervation. However, after selective denervation 
of e.g. the liver, pancreas, heart and colon, PRV transport in the remaining 
nerves had slowed down compared to intact controls. 20 ’ 105 ’ 106 The speed of 
PRV transport is suggested to depend on nerve activity. 105 Thus, these tracing 
data indicate that dissection of the sympathetic nerve may induce a (para¬ 
doxal) decrease of activity in the vagal nerve. Nonetheless, these studies 
indicate that both the sympathetic and parasympathetic input of the auto¬ 
nomic nervous system to the liver are important for the SCN timing signal to 
be conveyed. 

Besides parasympathetic and sympathetic nerve activity towards the liver, 
the insulin to glucagon ratio influences the balance between hepatic glucose 
uptake or output; i.e. the presence of either more insulin or more glucagon in 
the portal vein will induce glucose uptake in, or glucose release from the liver, 
respectively. 107 109 However, combining daily insulin and glucagon patterns 
measured in our separately, but very similarly conducted studies 55110 does not 
suggest involvement of this ratio in the daily glucose rhythm measured in the 
same studies. 

6. The Pancreas 

The pancreas has both an exocrine and endocrine function. Its exocrine func¬ 
tion is to produce a multitude of enzymes that are released in the gut, where 
they facilitate digestion of carbohydrates, proteins and lipids. However, in this 
chapter, the endocrine function of the pancreas is the most important. Both 
insulin and glucagon are produced by the endocrine pancreas, in the islets of 
Langerhans (by the (3-cells and a-cells, respectively). They are released into the 
circulation, to act on many other organs, although they also have a paracrine 
effect on neighboring cells. The impact of the hypothalamus on the stimula¬ 
tion of pancreatic hormone secretion has been known for a long time. 111114 
More recently, anatomical evidence of a multisynaptic connection between the 
SCN and the pancreas has been obtained through studies using PRV as a ret¬ 
rograde tracer. 20115 Both the sympathetic and parasympathetic nervous sys¬ 
tem are involved in the control of pancreatic islet function. 116 Apart from the 
classical cholinergic and adrenergic neuro-transmitters, a number of parasym¬ 
pathetic and sympathetic neuropeptides has been identified in the pancreas. 
Galanin and neuropeptide Y (NPY) have been implied in sympathetic control 
of insulin secretion, but results are conflicting, probably due to differences in 
experimental conditions. Therefore, an exact role for these peptides could thus 
far not be elucidated. Furthermore, parasympathetic peptides such as gastrin 
releasing peptide (GRP), pituitary adenylate cyclase activating polypeptide 
(PACAP) and vasoactive intestinal polypeptide (VIP) are expressed in pancre¬ 
atic ganglia and islets, and released upon vagal electrical stimulation. They all 
stimulate release of insulin and glucagon (reviewed in detail by Ahren 117 ). 
Functional and electrophysiological studies have provided evidence that 
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neuropeptide Y (NPY) and substance P stimulate, whereas somatostatin and 
calcitonin gene-related peptide inhibit the dorsal motor nucleus of the vagus 
(DMV) neurons that project to the pancreas, when injected in the lateral ven¬ 
tricle. 118 ’ 119 The origin of these peptides is as yet unknown, but retrograde trac¬ 
ing has revealed a range of hypothalamic nuclei projecting to the pancreas via 
either sympathetic or parasympathetic pathways 20 . One of these areas is the 
LHA, 20 ’ 32 ’ 120 that projects to the DMV. These projections contain the neu¬ 
ropeptide orexin. 20 Insulin-induced hypoglycemia induces increased electrical 
activity in the LHA and c-fos in orexin neurons. 121 In fact, glucose injection 
into the LHA induces increased firing rate in the pancreatic nerves. 122 

Insulin secretion from the P-cells in the pancreas is in large part regulated 
by the autonomic nervous system. Electrical activation of the vagus nerve 
was shown to stimu-late insulin secretion both in vivo and in vitro in several 
different species including humans. 116 ’ 123 Several studies have provided evi¬ 
dence for acetylcholine (Ach) to stimulate insulin release, and for the mus¬ 
carinic antagonist atropine to inhibit this response 116 124 125 . Bereiter and 
colleagues have shown that these vagal branches that stimulate insulin release 
originate in the nucleus ambiguus (AMB) in the brainstem. 126 Stimulation of 
this area induced vagally mediated (blocked by vagotomy or atropine treat¬ 
ment) insulin release. However, AMB output seems to be of dual nature, as it 
also induced a sympathetically mediated (blocked by phentolamine) inhibi¬ 
tion of insulin secretion. 126 Thus, the AMB may be an integrative area, its 
output depending on a combination of stimuli. 

As shown here, many studies report involvement of parasympathetic stim¬ 
ulation of insulin secretion. However, insulin release was found to be mediated 
by both branches of the autonomic nervous system. The effect of sympathetic 
stimulation seems to depend on the activation of either a-adrenergic (stimu¬ 
lates insulin release) or P-adrenergic (inhibits insulin release) receptors in the 
pancreas. 124 ’ 127129 

Several studies have been performed to investigate circadian rhythms in 
insulin secretion and sensitivity. Although glucose tolerance in humans 
changes throughout the 24-hour period (glucose tolerance decreases towards 
the evening and is lowest in the middle of the night), the insulin secretion pat¬ 
tern does not parallel these changes in glucose. 130131 In rats, glucose tolerance 
shows a pattern similar to that in humans; it decreases towards the end of 
the dark (activity) period and is highest at the onset of the activity period. 57 
A daily rhythm in basal plasma insulin concentrations in the rat has been 
described previously, although results are somewhat conflicting. 55 132 This 
rhythm could not be correlated completely to the daily rhythm in plasma glu¬ 
cose concentrations. Furthermore, the amount of insulin released in response 
to an intravenous glucose bolus did not show differences relating to the time- 
of-day at which it was injected. Insulin sensitivity, however, does seem to vary 
over the 24-hours, and can be correlated to the rhythm in glucose tolerance. 57 
Differences in glucose tolerance between the different times of the day are 
quite large, whereas insulin sensitivity only shows small (but significant) 
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differences. This indicates that, besides insulin sensitivity, other factors possi¬ 
bly also mediate the SCN control of glucose tolerance. Isolated pancreatic 
islets secrete insulin in a circadian way, with a tau between 22 and 26 hours. 133 
To our knowledge, however, this has not been investigated in the in vivo situ¬ 
ation. Although it is relatively easy to measure plasma insulin concentrations, 
the liver metabolizes insulin (and glucagon) and thus plasma insulin concen¬ 
trations only give a partial view on insulin release, i.e. one should measure 
these hormone levels in the portal vein. 

Glucagon, known for its stimulatory effect on hepatic glucose produc¬ 
tion 6364 is released by the a-cells of the pancreas after stimulation of either 
the sympathetic 134 137 or parasympathetic branch of the autonomic nervous 
system 138141 as well as by circulating epinephrine. 142 These three pathways are 
all active in case of hypoglycemia, when glucagon is released to stimulate glu¬ 
cose production and restore normal plasma glucose concentrations (counter- 
regulation). 143146 These counterregulatory glucagon responses display a 
diurnal variation in rats, with highest responses at the onset and end of the 
dark period, 147 showing that the SCN modulates at least one of the three 
ways in which glucagon release is stimulated. 

Glycogenolysis and gluconeogenesis are stimulated by glucagon. Because 
both plasma glucose concentrations and glucose tolerance in rats peak at the 
onset of the activity period, 55 57 glucose production by the liver is suggested 
to be high at that moment as well. This may be mediated by glucagon and, 
indeed, several studies have indicated the presence of a daily rhythm in basal 
plasma glucagon concentrations. 80107110 148 150 Results of these studies were 
inconsistent with respect to phase and amplitude of the rhythm. In our own 
study, however, we have found no correlation between daily glucagon and 
glucose rhythms measured in the same animals 110 . Furthermore, the glucose 
rhythm is independent of food intake, whereas glucagon does respond to 
feeding in a scheduled feeding regimen. These meal-responses last 30-90 min 
after the initiation of a meal and are possibly mediated via ingested amino 
acids. 151 Total glucagon release in response to meals, as measured by the area 
under the curve (AUC) did not show any daily variation. These meal 
responses are unlike the well-known cephalic-phase glucagon (and insulin) 
release, occurring very quickly (within a minute) after the initiation of food 
intake, before nutrients are taken up in the blood via the gastrointestinal 
tract, and last no more than 10 minutes. These responses are induced by taste 
and texture properties of the ingested food and probably mediated via the 
autonomic nervous system. 152 155 To our knowledge, it is unknown whether 
cephalic-phase (glucagon or insulin) release shows diurnal variation. 

As described above for the liver, a complex balance between parasympa¬ 
thetic and sympathetic activity also seems to be very important for a correct 
modulation of the islets of Langerhans in the pancreas. Both branches seem 
to be able to modify the oc- and p-cell sensitivity for several factors (such as 
glucose, insulin and glucagon) and possibly the sympathetic branch influ¬ 
ences pancreatic sensitivity for parasympathetic input, and vice versa, as well. 
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This offers the possibility of very precise control of pancreatic secretion, 
depending on the metabolic state of the body. 


7. Skeletal Muscle 

Besides the brain, skeletal muscle is the tissue that uses most glucose for oxi¬ 
dation. Glucose is stored in the form of glycogen, as it is in the liver, and 
skeletal muscle contains the largest glycogen store in the body. Until recently 
it was believed that skeletal muscle does not express the final enzyme in the 
glucose production pathway, glucose-6-phos-phatase. This means that glu¬ 
cose, once taken up, cannot be released again from the muscle, and can be 
used only as a local energy supply. However, recently this enzyme has also 
been shown in the muscle, indicating a possible new role for muscle tissue in 
glucose metabolism. 156 The skeletal muscle glycogen content in the rat dis¬ 
plays a clear daily rhythm with a peak at the end of the activity period and a 
dip at the onset of the activity period, which seems to be related to the tim¬ 
ing of food intake. 79 ’ 80 ’ 82 Because skeletal muscle uses such a large amount of 
nutrients for energy expenditure, we suggest that the rhythm in glucose toler¬ 
ance shown previously 57 is in large part attributable to skeletal muscle glucose 
uptake. At least part of this is accounted for by a daily variation in insulin 
sensitivity. 55 Furthermore, the VMH seems to have an important role in the 
regulation of glucose uptake in skeletal muscle. Electrical stimulation of the 
VMH and leptin injections in the VMH lead to increased glucose disposal in 
skeletal muscle. 157 ’ 158 Glucose is taken up in cells by means of active trans¬ 
port, via glucose transporters. Several glucose transporter subtypes have been 
identified, with different functions. 159 Glucose transporter 4 (GLUT4) is the 
one that acts in response to insulin. Under basal circumstances, GLUT4 is 
present in vesicles inside the cell, where they are not actively involved in the 
transport of glucose. Insulin recruits these vesicles towards the cell mem¬ 
brane, via the insulin receptor and an intracellular second messenger cas¬ 
cade. 160 Once present in the plasma membrane, GLUT4 facilitates glucose 
uptake. Another glucose transporter expressed in muscle is GLUT1, which is 
permanently present in the cell membrane and does not respond to insulin. 
Possibly, the daily rhythm in glucose uptake in tissue can be explained by a 
rhythmic expression of these glucose transporters, or by a rhythm in the 
recruitment of GLUT4 to the plasma membrane. 


8. Adipose Tissue 

In white adipose tissue, insulin stimulates glucose uptake GLUT4 as well. 159 
Although glucose uptake occurs in adipose tissue, and glucose can be used in 
lipogenesis, this is an energy-requiring process. Glucose and lipid metabolism 
profoundly influence each other. Adipose tissue blood flow can increase up 
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to four-fold after a glucose load, which has been attributed to the resulting 
hyperinsulinemia. 161 Furthermore, plasma concentrations of free fatty acids, 
the building bricks of lipids, released by adipose tissue or taken up from the 
intestines, have a profound influence on glucose metabolism. Both substances 
compete for oxidation (known as the Randle cycle 162 ). High FFA concentra¬ 
tions cause insulin resistance, 163 164 i.e. increased plasma glucose levels due to 
a decreased tissue uptake. Both high glucose and FFA concentrations will 
cause increased storage of lipids in adipose tissue. 164165 Thus, lipid and glu¬ 
cose metabolism are in close relation, and rhythmic properties of lipid 
metabolism may have an impact on daily glucose metabolism. Indeed, FFA 
and triglyceride concentrations in plasma show daily rhythms. 148 150 but their 
relation with daily glucose metabolism could not yet be shown (Ruiter et al. 
unpublished data). 

Recently, it was shown that next to the well-known sympathetic innerva¬ 
tion, 75 white adipose tissue also receives a parasympathetic input, 74 Both 
inputs are closely linked to the metabolic activity of white adipose tissue. 
Sympathetic denervation leads to an increased fat pad size in hamsters, due 
to a lack of fat-mobilizing capacity. 166 Parasympathetic denervation results in 
a decrease of both lipid and glucose uptake. 74 This indicates that the balance 
in autonomic outflow to white adipose tissue may determine whether a net 
build up or break down of nutrient stores occurs. 

Furthermore, adipose tissue is nowadays considered an important 
endocrine organ rather than just a lipid storage compartment 167 169 and the 
new substances isolated from it have a putative role in glucose metabolism. 
Leptin, for example, shows a pronounced circadian rhythm 170 and has been 
suggested to influence pancreatic function 171 and energy metabolism. 172 ' 174 
Another example is adiponectin, a hormone that reverses obesity-related 
insulin resistance by stimulating glucose and FFA utilization, 175 176 and 
which, in humans, also shows a diurnal pattern in plasma concentrations. 177 


9. The Kidneys 

The kidneys are nowadays considered very important in glucose metabolism, 
as they produce glucose during the post-absorptive phase and are proposed 
to account for ~20% of total gluconeogenesis. 60 ’ 178180 Other than the liver, the 
kidneys do not contain a substantial amount of glycogen, and thus renal glu¬ 
cose production is mainly accounted for by gluconeogenesis, which is stimu¬ 
lated by epinephrine and inhibited by insulin. 181 The presence of a circadian 
rhythm in renal gluconeogenesis has not been clearly shown. A daily rhythm 
in the gluconeogenic enzyme PEPCK was found, 182 but no rhythm in gluco¬ 
neogenic substrate specificity could be measured, 183 and the authors sug¬ 
gested that renal gluconeogenesis serves merely to meet the minimal glucose 
requirement of the brain. 
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10. The Pituitary, Adrenals and Pineal Gland 

As stated earlier in this chapter, many PVN neurons project to the pituitary 
and regulate pituitary hormone secretion. 23 As some of these hormones have 
an impact on glucose metabolism, this may be an extra way of control for the 
SCN. Growth hormone (GH) has been suggested to play a role in the dawn 
phenomenon in humans, 184 since it promotes hepatic glucose output. 69 
Rats, however, show an ultradian rather than circadian pattern of GH 
release, 185 187 which makes it unlikely for GH to have a significant role in the 
dawn phenomenon, at least in rats. 

Furthermore, the hypothalamus-pituitary-adrenal axis has been suggested 
to play a role in daily glucose metabolism. Cortisol and corticosterone 
enhance glucose produc-tion 70 and show a clear daily rhythm with peak val¬ 
ues just before the onset of the activity period in humans 184188 and rats. 189192 
In fact, the daily rhythm of plasma corticosterone levels correlates very well 
with the glucose patterns observed in mammals 55 56193 and would therefore be 
a good candidate for regulating this glucose pattern. 194 195 However, a rise in 
blood glucose levels still occurs if the morning rise of cortisol levels in humans 
is prevented, 196 ’ 197 suggesting that a major role for corticosteroids in the mod¬ 
ulation of daily glucose metabolism is not likely. 

Epinephrine, an important hormone that counteracts hypoglycemia, is 
released from the adrenal medulla and is known to have a circadian release 
pattern in humans, with a trough in the middle of the night and a peak in 
the late morning. 198 ’ 199 This peak occurs somewhat later than the peak 
in plasma glucose concentrations, which occurs just at the onset of the activ¬ 
ity period. 55 ’ 56 Thus far, no animal data are available either that would sug¬ 
gest a role of epinephrine in the control of daily glucose homeostasis by the 
SCN. 

Finally, a hormone which is very clearly and exclusively controlled by the 
SCN is melatonin. It is produced by the pineal gland, and its release is con¬ 
trolled by an autonomic input via multisynaptic connections originating in 
the SCN. 22 Although several studies have suggested a role for melatonin in 
the control of glucose metabo-lism, 200 ’ 201 its exact function is not clear. The 
liver and pancreatic (3-cells contain melatonin receptors 202 and an effect of 
melatonin on insulin secretion and sensitivity has been suggested 203 204 . 
Furthermore, pinealectomy affects glucose homeostasis, but again, results 
were not consistent. 205 ' 207 Since melatonin is secreted only during the night in 
both nocturnal and diurnal species, whereas the basal daily rhythms in 
plasma glucose concentrations, glucose tolerance and insulin sensitivity show 
a 12-hour shift in these species, it is unlikely that melatonin has a direct effect 
on aspects of glucose metabolism such as tested in these studies. It is more 
likely that melatonin influences glucose metabolism in an indirect way, by 
affecting the SCN, and by acting as a general ‘night signal’ to the body and 
the brain. 
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11. Peripheral Feedback - Glucose Sensing 

A very important aspect of keeping homeostasis is the integration of periph¬ 
eral feedback information about the metabolic state of the body with other 
sensory information, before the final output signal is generated. The major 
part of this integration takes place within the hypothalamus. Several mecha¬ 
nisms for detecting glucose levels in the body have evolved, and it occurs at 
many different locations in the body. Glucose can be sensed and adjusted at 
the organ level, e.g. by altered secretion of glucagon or insulin after GLUT-2 
mediated glucose-sensing by the pancreatic a- or P-cells. 208-210 Furthermore, in 
the hepatoportal vein, GLUT2-dependent vagal afferents sense blood glucose 
levels in a way that is very similar to that in the pancreatic p-cells. 78 ’ 211212 The 
vagus may also conduct information from glucose sensors present in the 
splenic vein, in the renal tube, and in muscle and adipose tissue. 213 Glucose 
sensing cells are also present in the carotid body. 214 

Glucose sensing also occurs in the central nervous system. In the brainstem 
nucleus of the solitary tract (NTS) and DMV, the firing rate of glucose 
responsive neurons can either increase or decrease during hyper- and hypo¬ 
glycemia. 215 This may depend on their specific target areas. 216 217 Furthermore, 
several hypothalamic neurons respond to either high or low glucose levels by 
increasing or decreasing their firing rate. 218 Several of these hypothalamic 
nuclei, such as the arcuate 219 and PVN 220 " 222 as well as the VMH 223 and 
LHA 32 ’ 218 contain glucose-sensing neurons. Even the SCN itself seems to be 
glucose-sensitive, as the phase of the spontaneous activity of SCN cells in a 
slice preparation is altered in response to different glucose concentrations in 
the bathing medium. 224 Therefore, it seems that information about the 
glycemic state of the body and the time of day is integrated in the hypothala¬ 
mus. Several studies indicate that the PVN and VMH are likely candidates for 
the mediation of autonomic responses to hypoglycemia, 225 226 whereas the 
DMH is more likely to mediate hormonal (HPA-axis) responses to counteract 
hypoglycemia. 227 Since the SCN projects to both of these areas, as discussed 
above, it is likely that these connections mediate the daily variation in coun- 
terregulatory responses. 147 


12. Energy Restriction 

The mammalian biological clock has been ticking over thousands and thou¬ 
sands of years, and during a large portion of this time, adequate food 
resources were not always available. Therefore, the mammalian body is 
highly specialized in spending, in times of scarcity, only the absolute neces¬ 
sary minimum amount of energy. A major advantage of having a circadian 
system, when saving energy, is the ability to adjust the metabolic rate even to 
the specific time of the day. Indeed, metabolic rhythms persist during starva¬ 
tion. 228 The metabolic rate can be lowered during inactivity, while it is kept 
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unchanged when really needed, i.e., at the onset of the activity period. 
Fasted rats become more active at the onset of the dark period, because this 
is the time to search for food. This is reflected by heart rate, body tempera¬ 
ture and locomotor activity, that are decreased during inactivity, but remain 
comparable to ad libitum fed rats at the onset of the activity period. 229 
Furthermore, the catabolic hormone glucagon, which stimulates glucose 
output from the liver, shows normal plasma levels at the onset of the activ¬ 
ity period, but is decreased during the light phase. 110 Perhaps, the decreased 
plasma glucagon level also contributes to lower metabolism. This phenome¬ 
non has also been shown for triglyceride metabolism in fasted rats. 103 Thus, 
the modulating effect of food restriction on the SCN results in an increase 
in the amplitude of many physiological rhythms, especially by a decrease of 
its trough values. 


13. Energy Surplus 

As already mentioned above, during thousands and thousands of years of 
evolution, food has usually been scarce. Most animals, including humans, 
have therefore adopted a strategy to store as much of the available nutrients 
as possible (known as Neel’s “thrifty” gene hypothesis 230 ), to be able to sur¬ 
vive the periods of scarcity. In the present time, however, food has become 
abundant in many parts of the world and industrialization has decreased our 
daily load of physical activity. So, although our body does not need it any¬ 
more, our genes are still set to store energy reserves. This combination of fac¬ 
tors causes more and more people to become obese. Constant high levels of 
carbohydrates and fat continuously stimulate insulin release, and cells 
become insulin-resistant, leading to diabetes mellitus. 

Apart from the amount of food intake, the timing of food intake has also 
changed. Instead of consuming a few regular meals during daytime, people 
now have access to snacks at all times. Daily activity is not restricted to the 
light period anymore either. Thus, the amplitude of daily variation in many 
of our environmental conditions has diminished, i.e. the difference between 
night and day in the amount of activity, light and food intake is decreased. 
Although not very many people actually work during the night, the general 
activity pattern has shifted towards evening hours. Consequently, also the 
intake of meals and snacks during evening and night time has increased. 
Since light, 7 food intake 46 ' 48 and physical activity 231232 are powerful 
Zeitgebers, a shift in their presence may have profound impact on physiolog¬ 
ical parameters. A flattening in the rhythm of these Zeitgebers will result in a 
more constant environmental input to the brain. 

As has been hypothesized previously, 233 such a disturbance may have pro¬ 
found effects on metabolism and may even cause disease. Food intake in the 
late evening, a time-of-day when insulin sensitivity is low and fewer nutrients 
are cleared from the plasma, may result in high plasma FFA and glucose 
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values. This causes increased fat storage instead of oxidation by muscle tis¬ 
sue. 164 In fact, Qin et al. showed that people with a nocturnal life style have 
decreased glucose tolerance and a higher risk for diabetes, cardiovascular 
disease and the metabolic syndrome. 234 

This has also been shown in shift workers, 235-237 another group of people 
with disturbed daily rhythms. Moreover, more and more evidence is being 
obtained for a disturbance of daily physiological rhythms in obesity and 
Diabetes Mellitus 58 ’ 59 238-241 . Therefore, it seems that the 24-hour society that 
has evolved during the last 50 years causes disturbances of the daily activity 
pattern that metabolism, regulated by a circadian system that has evolved 
during a time span of thousands of years, cannot cope with. 


14. Conclusion 

As shown above, biological rhythms are found throughout the various com¬ 
ponents of glucose homeostasis. By sending the signal of day and night to the 
rest of the body, the SCN synchronizes the different organs in the body to the 
presence of light and adapts physiological processes to the specific energy 
requirement of that moment. As said, homeostasis is thus protected, not only 
by responding to acute changes in the internal or external environment, but 
also by anticipating daily changes in energy requirement. Considering the 
importance of sufficient glucose supply, it is logical that many organs act 
simultaneously and in a possibly redundant way. 

Thus, stimulation of glucose uptake may be necessary in one part of the 
body, but at the same time it may need to be inhibited in another. A central 
mechanism that orchestrates the differentiated needs for these processes 
according to the time of day is therefore essential. The biological clock fine- 
tunes the various simultaneous processes in the body that are part of energy 
metabolism, such as glucose production, utilization and storage in several 
organs, but also feeding behavior and counterregulatory responses to acute 
(metabolic) stressors. 

Although glucose metabolism in general is controlled via both hormonal 
and neuronal pathways, the results obtained so far provide evidence that bio¬ 
logical clock control mainly occurs via the autonomic nervous system. 
Secretion of the pancreatic hormones insulin and glucagon is stimulated via 
autonomic nerves but although these hormones show circadian patterns of 
release, no evidence has been found for these rhythms to have an essential role 
in the daily rhythm of plasma glucose. 

On the other hand, it is likely that the SCN connections to the endocrine 
pancreas are involved in the changes of the insulin and glucagon responses to 
feeding and hypoglycemia, respectively, over the day-night cycle. 147 ’ 242 
Furthermore, also other hormones, such as corticosteroids or growth hor¬ 
mone, do not seem to have an important role in the control of the daily 
plasma glucose rhythm. 
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Figure 2. The suprachiasmatic nucleus (SCN) sends its signal of day and night to the 
rest of the body via several different pathways. Both “parasympathetic” (light gray) 
and “sympathetic” (dark grey) neurons project to cells in the PVN (and other hypo¬ 
thalamic nuclei involved in glucose metabolism). The pre-autonomic PVN cells proj¬ 
ect to the dorsal motor nucleus of the vagus (DMV, parasympathetic) in the 
brainstem and the intermediolateral column of the spinal cord (IML, sympathetic) 
that relay the signal to organs in the periphery. Furthermore, the pituitary receives the 
SCN signal through the release of “releasingfactors” from the PVN and rhythmically 
secretes hormones that may have an effect on glucose production. Peripheral feedback 
signals concerning glucose availability, energy reserves in the body and hormone lev¬ 
els and are received by the hypothalamus via different sensory pathways. 


However, there is strong evidence of an important role of the autonomic 
innervation of organs involved in glucose production. Multisynaptic connec¬ 
tions between the SCN and the liver 72 have been shown. Selective (sympathetic 
or parasympathetic) denervation of the liver leads to disruption of the daily 
plasma glucose rhythm. 104 Furthermore, electrical stimulation of the SCN 
induces hyperglycemia, 53 a response that is blocked by a- and P-adrenergic 
antagonists. 54 

It is well-known that many SCN neurons projecting to the PVN express the 
inhibitory neurotransmitter gamma-aminobutyric acid (GABA). 243 244 
Experiments investigating the SCN control of the daily melatonin rhythm 
have shown a circadian rhythm in the GABA-ergic output signal from the 
SCN to the PVN. 245 ’ 246 Recent results obtained by our group show that this 
GABA signal to the PVN may also be important in the mediation of the 
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SCN signal to the liver. Infusion of the GABA-antagonist bicuculline (BIC) 
into the PVN induced a rise in plasma glucose concentration, an effect that 
could be prevented by sympathetic denervation of the liver. Furthermore, the 
SCN-DMH pathway may also play a role in the regulation of glucose output, 
as blocking synaptic transmission by infusion of tetrodotoxin (TTX) into 
either the SCN or the DMH induced a similar rise in the plasma glucose con¬ 
centration. Therefore, the daily anticipatory rise in plasma glucose levels may 
be induced by the SCN, through a withdrawal of the inhibitory inputs to the 
sympathetic pre-autonomic neurons in the PVN, and subsequent stimulation 
of glucose production by the liver. 90 

The VMH may be an important relay in the hypothalamic control of glu¬ 
cose uptake. Electrical stimulation or leptin injection into the VMH (but not 
LH) increases glucose uptake in skeletal muscle and the heart, as well as in 
brown adipose tissue (BAT). 157 158 Surgical denervation of BAT prevented 
this increase, indicating that this effect is indeed mediated via the central 
nervous system. Direct inputs from the SCN to the VMH, however, are 
scarce. Glucose uptake in white adipose tissue was not affected in these exper¬ 
iments, suggesting that this may be mediated via other hypothalamic nuclei. 
Thus, also the regulation of glucose uptake in the liver, muscle and adipose 
tissue, either insulin-dependent or -independent, is probably mediated via 
direct autonomic innervation, as glucose uptake is impaired in autonomically 
denervated tissues. 74 ’ 100 ’ 101 

In conclusion, there is a delicate balance in the control of the many tar¬ 
get areas within the brain and in the rest of the body that are involved in 
glucose homeostasis. Many hypothalamic nuclei are involved in the control 
of glucose metabolism, and many of these nuclei receive input from the 
SCN in order to adjust their outputs to the daily physiological needs of the 
body. Based on the papers reviewed here, we suggest that it is likely that the 
SCN signal that synchronizes glucose homeostasis to the day-night cycle is 
conveyed via the autonomic nervous system rather than via hormonal 
pathways. 
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Molecular Mechanisms of Melatonin 
Action: Targets in Sleep Regulation 


Lennard P. Niles 


1. Introduction 

Melatonin, the principal hormone secreted by the pineal gland, influences the 
function of diverse neuroendocrine and other systems in mammals. This 
indoleamine hormone is also involved in maintaining brain homeostasis, 
entraining biological rhythms and coordinating reproductive function to 
changes in photoperiod in seasonal breeders. 12 Other studies indicate a poten¬ 
tially important immunomodulatory role for melatonin which binds with 
high-affinity to T lymphocytes 3 and is synthesized by human lymphocytes. 4 

There is considerable evidence that in high pharmacological concentra¬ 
tions, melatonin is a potent free radical scavenger, 5 whereas its well docu¬ 
mented antioxidant effects may involve either pharmacological or 
physiological concentrations. 6 Several reports have demonstrated that mela¬ 
tonin can exert neuroprotective effects in various models of neurodegenera¬ 
tion. 7 ’ 8 These studies have often utilized pharmacological doses of melatonin, 
which can interact with both central-type and peripheral-type benzodi¬ 
azepine receptors, 9 making it difficult to differentiate between the physiolog¬ 
ical and pharmacological effects of melatonin as a neuroprotective agent. 
Recent evidence that picomolar-nanomolar concentrations of melatonin can 
upregulate neurotrophic factor expression in vitro, 10 suggests a role for this 
hormone in physiological neuroprotection. 

In addition to the foregoing, melatonin has long been implicated in the mod¬ 
ulation of sleep but several questions remain regarding the targets and mecha¬ 
nisms involved. In a study comparing the effects of varying doses of melatonin 
on daytime sleepiness in young adults, lower doses, which produced typical 
nocturnal plasma hormone levels, were found to be ineffective, while a high 
dose which produced supraphysiologic hormone levels had a soporific effect 
during the first half hour of administration. 11 As noted by the authors, the lack 
of significant effects following treatment with lower doses of melatonin may be 
related to the time of administration. This is supported by the effectiveness of 
low-dose melatonin in promoting sleep, when administered 2-4 hours before 
habitual bedtime. 12 Why this apparent temporal sensitivity to the soporific 
effects of melatonin? It is now thought that the physiological effects of this hor¬ 
mone are primarily mediated by G protein-coupled receptors (GPCRs) in the 
brain and elsewhere. 1314 
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Emerging evidence that these receptors exhibit dynamic circadian-related 
changes in expression and sensitivity, 1517 need to be taken into account in 
studies aimed at assessing the somnogenic effects of melatonin. This chapter 
is focused on the physiological targets and possible mechanisms underlying 
sleep modulation by melatonin. 


2. Melatonin Receptors 

2.1. G Protein-Coupled Receptors 

Three melatonin receptor subtypes, which are expressed by three distinct 
genes, have been cloned and characterized. The Mel la receptor is present in 
the mammalian hypothalamus especially the suprachiasmatic nuclei (SCN), 
other brain areas and peripheral tissues. 1819 A second subtype, the Mel lb , is 
relatively enriched in the retina and hippocampus, but also present in other 
brain areas and peripheral tissues. 19 ’ 20 A third melatonin receptor, the Mel lc 
subtype, has been identified in the chick brain. 21 The Mel la and Mel lb recep¬ 
tors, now officially designated as MT } and MT 2 subtypes, 22 are present in 
mammals including humans, but to date, there is no evidence that the Mel lc 
receptor is expressed in mammals. 

RT-PCR studies indicate that the MT { transcript is widely distributed in 
the human brain, with highest levels in the cerebellum. 23 In situ hybridization 
has revealed a distinct pattern of melatonin receptor localization in the 
human cerebellar cortex. The MTj mRNA is expressed in cerebellar granule 
and basket-stellate cells, whereas the MT 2 is found in Bergmann glia and 
astrocytes. 24 This apparent differential expression of the MT { and MT 2 recep¬ 
tors on neurons or glial cells may not occur in other brain areas, such as the 
SCN, where both subtypes have been detected on neuronal-like cells. 25 

2.2. Molecular Structure 

Sequences of the frog, sheep and two human cDNAs revealed that they 
encode proteins of 420, 366, 350 and 360 amino acids, with predicted molec¬ 
ular weights of 47.4, 40.4, 39.4 and 40.2 kDa, respectively. 18 ’ 20 ’ 26 

Hydropathy analysis of the Xenopus receptor revealed seven hydrophobic 
transmembrane segments, which is a well known characteristic of GPCRs. 
The amino terminus contains one consensus site for N-linked glycosylation 
in the frog receptor, and two such sites in each mammalian receptor. Several 
consensus sites for protein phosphorylation are present within the carboxyl- 
terminal tail, which is 119 amino acids long in the frog receptor. 26 

Partial cDNAs from the hamster and rat brain were found to be 94% 
identical and to have an 86% identity with the corresponding region of the 
sheep and human clones, indicating that they belong to the MT { subtype. In 
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contrast, the human MTj and MT 2 receptors exhibit only a 60% homology 
at the amino acid level, 20 consistent with their expression by different genes. 

2.3. Regulation of Melatonin Receptors 

The marked diurnal rhythm in circulating levels of melatonin provides an 
excellent physiological system for studies of melatonin receptor regulation. 
Receptor binding studies utilizing basal hypothalamic membranes containing 
the SCN, have detected an inverse correlation between the density of high- 
affinity sites and the levels of circulating melatonin. 27 Thus, high-affinity 
binding was highest late in the light phase, following prolonged depletion of 
the agonist, and lowest during darkness when exposure to elevated melatonin 
concentrations presumably down-regulated the high-affinity receptor. 27 
Similarly, a significant increase in high-affinity binding has been observed in 
the pars tuberalis/median eminence of rats killed at the end of the light phase 
as compared with animals killed in the morning. 28 In keeping with the fore¬ 
going, suppression or depletion of circulating melatonin levels by exposure to 
constant light or pinealectomy, caused a significant increase in the density of 
high-affinity sites in the pars tuberalis of the rat and hamster. 29 Conversely, a 
single injection of melatonin reversed the effect of constant light or pinealec¬ 
tomy on high-affinity binding in the rat pars tuberalis and SCN. 30 Moreover, 
preincubation of cultured ovine PT cells in the presence of melatonin (100 
pM or lfM) for 24 hours, resulted in a significant decrease in [ I25 I]MEL bind¬ 
ing in crude PT membranes. 31 Recent studies, utilizing in vitro transfection of 
human melatonin receptors, indicate that following an 8 hour exposure to a 
physiological concentration of melatonin, there is a time-dependent increase 
in expression of the MT { receptor subtype, but similar treatment did not 
affect MT 2 expression. 17 Taken together, these reports suggest that melatonin 
is involved in the differential regulation of its GPCR subtypes in brain tar¬ 
gets, such as the hypothalamus/SCN. 


3. Melatonin Signalling 

3.1. G Protein-Mediated Effects 

Earlier studies, which preceded cloning of the melatonin GPCRs, had demon¬ 
strated that physiological concentrations of this indoleamine inhibited the 
adenylate cyclase -cAMP pathway in the hypothalamus and other tissues, via 
pertussis toxin (PTX)-sensitive G-proteins. 32 ' 34 More recently, coprecipitation 
analysis in MT } -transfected human embryonic kidney (HEK) 293 cells indi¬ 
cate that this receptor couples to G i2 and G i3 in an agonist-dependent and 
guanine nucleotide-sensitive manner, suggesting involvement of the a-sub- 
units of these inhibitory G protein isoforms in melatonin-induced suppression 
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of cAMP production. 35 The cloned MT, was also found to mediate phos¬ 
pholipase C activation by melatonin, via PTX-insensitive G m proteins. 35 
Consistent with the foregoing, studies with transfected Chinese hamster 
ovary (CHO) cells showed that both the MT, and MT 2 receptors are coupled 
to phosphoinositide hydrolysis, 36 but based on EC 50 determinations, the MT 2 
appears to be significantly more potent than the MT, receptor in activating 
this PLC-PKC pathway. Other recent studies indicate that melatonin acti¬ 
vates the mitogen-activated protein kinase (MAPK)-extracellular regulated 
kinase (ERK) pathway in a mouse neuronal cell line. 37 In addition, melatonin 
activates inwardly rectifying potassium (Kir3) channels via a G protein-cou¬ 
pled and PTX-sensitive mechanism, 38 resulting in hyperpolarization of target 
SCN neurons. 39 Thus, in addition to its well-documented inhibition of the 
adenylate cyclase (AC)-cAMP-protein kinase A (PKA) pathway, melatonin 
can interact with multiple G proteins to produce its diverse physiological 
effects. 1314 Indeed, the MT, and MT 2 receptors have been found to mediate 
stimulation or inhibition of GABAergic activity in the rat brain, respectively. 40 
Since both of these receptors are coupled to inhibition of the AC-cAMP-PKA 
pathway, their differential effects presumably involve interaction with addi¬ 
tional divergent signalling pathways in the central nervous system. In keeping 
with this view, transfection studies with human melatonin receptors in HEK 
cells indicate that the MT 2 but not the MT, receptor is coupled to inhibition of 
the cGMP pathway. 4142 Given the potential coupling of these receptors to 
numerous G proteins, as supported by recent chimeric experiments, 43 it is likely 
that more evidence of their divergent signalling will appear in the future. 

3.2. Direct Effects on Intracellular Effectors 

In vitro studies have shown an interaction between melatonin and calmodulin, 
a small Ca 2+ binding protein which is involved in several intracellular processes 
including cyclic nucleotide metabolism, ion transport, protein phosphorylation, 
cytoskeletal function and cell proliferation. 4445 Incubation with melatonin at a 
physiological concentration of InM, resulted in an increase of calmodulin lev¬ 
els in MDCK and NIE-115 cells after 3 days but the levels of this protein were 
decreased after 6 days. In addition to this apparently time-dependent biphasic 
effect on calmodulin concentrations, melatonin was also found to inhibit Ca 2+ - 
calmodulin stimulated bovine heart cAMP-phosphodiesterase (PDE) activity 
with an IC 50 value of InM. 46 Electrophoretic studies indicated that, in the pres¬ 
ence of Ca 2+ , tritiated melatonin ([ 3 H]melatonin) co-migrated with calmodulin 
suggesting a direct interaction between melatonin and calmodulin. 46 
Interestingly, saturation and kinetic studies with liposome-incorporated 
calmodulin, revealed that [ 3 H] melatonin binds to a single site on the calmodulin 
molecule with high (picomolar) affinity. This binding is selective for melatonin 
as indicated by the significantly lower affinities of related analogs 47 On the basis 
of these findings, it was suggested that blockade of Ca 2+ -calmodulin function by 
melatonin could account for several of its effects on cellular physiology 48 
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In addition to the foregoing, there is evidence that melatonin can directly 
interact with calcium-dependent PKC in the absence of receptors. 49 In vitro 
studies have shown a concentration-dependent stimulation of PKC activity 
by melatonin, with an EC 50 of InM. In the presence of calcium, melatonin 
enhanced phorbol ester-stimulated PKC activity and [ 3 H]Phorbol-12, 13- 
dibutyrate binding to this enzyme, suggesting that its binding site on PKC is 
different from that of diacylglycerol and phorbol esters. 49 In view of the abil¬ 
ity of an inhibitor of the a, (3 and y isoforms of PKC to block melatonin- 
induced activation of PKC, it is possible that one or more of these isoforms 
may be intracellular targets for melatonin. 49 


4. Pharmacological Effects of Melatonin on Sleep 

Several studies have demonstrated that pharmacological doses of melatonin 
produce sedative/hypnotic effects and can alleviate the symptoms of jet lag in 
humans. 50 ' 52 These high doses of melatonin can directly interact with benzo¬ 
diazepine (BZ) receptors, which are allosterically linked to modulation of 
GABAergic activity via the BZ-GABA a receptor complex. 953 Since 
GABAergic mechanisms play an important role in sleep modulation, 54 it is 
very likely that the acute sedative effects of pharmacological doses of mela¬ 
tonin involve its interaction with BZ-GABA a receptors. This view is sup¬ 
ported by evidence that BZ-GABA a antagonists block the sleep inducing 
effect of high doses of melatonin in experimental animals. 55 In contrast to the 
foregoing, there is evidence that relatively low doses of melatonin can also 
produce sedative effects in humans. 56 Moreover, the effects of these lower 
doses are not mediated by BZ receptors, as shown by the lack of antagonism 
by the central-type BZ antagonist flumazenil. 57 Interestingly, although these 
lower doses of melatonin produced higher than normal circulating levels, 57 
recent evidence that melatonin concentrations in the mammalian third ventri¬ 
cle are 20-fold higher than nocturnal plasma levels, 58 suggests that the higher 
circulating levels observed may be reflective of an upper physiological range 
in the central nervous system (CNS). It is important to understand the physi¬ 
ological mechanisms underlying sleep modulation by melatonin, in order to 
fully utilize its therapeutic potential in diverse sleep-related disorders. 


5. Physiological Modulation of Sleep by Melatonin 
5.1. Acute Sedative Effects 

In assessing the possible mechanisms involved in the effects of melatonin on 
sleep, it should be borne in mind that both acute soporific effects as well as 
longer-term reentrainment of sleep-wake cycles have been attributed to this 
hormone. With regard to the acute sleep inducing effect, it is likely that the 
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GPCRs for melatonin are involved. There is in vivo electrophysiological evi¬ 
dence that melatonin potentiates GABAergic inhibition of neuronal activity 
in the mammalian cortex. 59 More recently, in vitro studies have indicated 
that the MTj receptor is coupled to stimulation of GABAergic activity in 
the hypothalamus, whereas the MT 2 receptor mediates an opposite effect 
in the hippocampus. 40 In view of the dominant inhibitory role of GABA in 
the CNS, the modulation of GABA a receptor function by melatonin, via its 
GPCRs, might well be the cornerstone underlying its effects on neuronal 
activity in the SCN and other brain areas. The predominant effect of mela¬ 
tonin in the rat SCN appears to be inhibition of neuronal activity, 60 61 which 
is consistent with the relatively high expression of the MTj subtype in the 
circadian clock and the fact that this receptor is linked to enhancement of 
GABAergic activity. 

Immunohistochemical and electrophysiological studies of the hypothala¬ 
mic preoptic area (POA), which plays a major role in sleep promotion, have 
identified a subset of sleep-active ventrolateral POA (VLPO) neurons. 62 ’ 63 
A tightly clustered group of VLPO neurons appear to promote non-REM 
sleep, by suppression of the histaminergic arousal system, which originates 
in the tuberomammillary nucleus of the posterior hypothalamus. Whereas 
a diffuse subgroup of VLPO neurons are thought to promote REM sleep 
through their inhibitory projection to monoaminergic dorsal raphe (sero¬ 
tonergic) and locus coeruleus (noradrenergic) nuclei in the brainstem. 64 
Interestingly, sleep-active and arousal-related neurons exhibit reciprocal 
suppression of each other across the wake-NREM-REM cycle, providing a 
basis for the sleep-wake switch. 65 The inhibitory projections from the 
VLPO, to the histaminergic, serotonergic and noradrenergic components of 
the arousal system, utilize GABA and galanin, which are present in nearly 
80% of VLPO neurons. 6667 Given melatonin’s ability to modulate 
GABAergic activity, could its elevated nocturnal levels directly activate 
VLPO neurons with concomitant suppression of arousal systems and sleep 
induction? This is certainly possible providing that the G protein-coupled 
melatonin receptors which potentiate GABAergic activity are expressed on 
VLPO neurons. Studies with MTj receptor-deficient mice have demonstrated 
that this receptor subtype mediates acute physiological inhibition of sponta¬ 
neous neuronal firing in the SCN. 68 In addition, as mentioned earlier, the 
MTj receptor is coupled to stimulation of GABAergic activity in the SCN. 40 

Although these studies focused on the SCN where MTj expression is rela¬ 
tively enriched, it is now known that this widely expressed receptor is present 
in hypothalamic areas outside the SCN and also in other human CNS 
regions. 23 24 Therefore, the possibility that melatonin acts directly on VLPO 
neurons cannot be ruled out at present. Nonetheless, current evidence clearly 
indicates that the SCN is the primary hypothalamic target for melatonin, 
which can act on the predominantly expressed MT { receptor to acutely 
inhibit neuronal activity via enhancement of GABAergic activity and/or acti¬ 
vation of potassium channels. 
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How does this inhibitory effect of melatonin on SCN activity induce sleep? 
Possible clues to answering this question may come from an examination of 
the targets reached by SCN efferents in various diencephalic regions, includ¬ 
ing the medial preoptic area (MPA), the dorsomedial hypothalamic nucleus 
(DMH) and the subparaventricular zone. 69 ’ 70 These SCN targets, especially 
the MPA and DMH project to the VLPO, allowing the SCN to indirectly reg¬ 
ulate sleep promotion by the VLPO. In addition, the SCN is thought to have 
direct monosynaptic projections to the VLPO, 71 although these are fewer 
than its efferents to the MPA and DMH. 72 

Since the predominant effect of melatonin in the SCN is suppression of 
neuronal (GABAergic) activity, this action could result in disinhibition of the 
MPA and DMH, which can then activate sleep-promoting neurons in the 
VLPO. This indirect activation of VLPO neurons may be augmented by fur¬ 
ther melatonin-induced disinhibition in the direct SCN-VLPO projection. The 
consequent activation of GABAergic projections from the VLPO would then 
induce sleep by inhibiting activity in the monoaminergic arousal system. 73 Of 
course, other mechanisms, which do not require GPCR transduction, may 
also be involved in the sleep promoting effects of melatonin. For example, its 
antagonistic effects on intracellular targets such as calmodulin, as decribed 
earlier, could lead to suppression of neuronal activity in histaminergic, sero¬ 
tonergic or noradrenergic neurons in the arousal system, further contributing 
to sleep induction. Another interesting possibility is that melatonin may act 
directly on GPCRs or intracellular targets to modulate neuronal activity in the 
hypocretin/orexin system located in the posterior hypothalamus, which is 
involved in arousal state control and sleep-wake regulation. 74 

5.2. Phase Shifting Effects 

It has long been established that the circadian clock or pacemaker in mammals 
resides in the SCN of the hypothalamus. Recent advances utilizing cellular and 
molecular approaches have identified several clock genes within the molecular 
oscillatory core of the clock. These genes, which include Clock, Bmall, Periodl, 
Period2, Crytochromel and Crytochrome2 , together with their protein products, 
interact via transcription-translation autoregulatory feedback loops which 
underlie circadian rhythmicity. 75 The marked diurnal rhythm in pineal mela¬ 
tonin production (and secretion) is regulated by the SCN pacemaker, which 
receives photic information via a direct retinohypothalamic tract, and transmits 
this information to the pineal via a multisynaptic pathway. 2 Melatonin, in turn, 
is thought to influence circadian rhythmicity by acting directly on receptor sites 
within the SCN. 76 Neurophysiological studies indicate that melatonin alters the 
electrical activity of SCN neurons in vitro, 60 and phase-shifts neuronal firing in 
this circadian oscillator, 77 which supports a direct role for this indoleamine in 
synchronizing circadian rhythms. When applied to SCN-containing hypothala¬ 
mic slices in vitro, melatonin, (at a physiological concentration of 1 nM), 
induced a significant advance in the electrical activity rhythm in the SCN, only 
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when added late in the subjective day or early subjective night. 77 It is notewor¬ 
thy that the phase-shifting effect of melatonin was most pronounced late in the 
day, before the day-night transition, when the high-affinity G-coupled recep¬ 
tors for this hormone are at their maximal density and sensitivity in the SCN. 27 
Since these receptors mediate the inhibitory effect of melatonin on cAMP pro¬ 
duction, it seems reasonable to assume that a decrease in the intracellular con¬ 
centration of this second messenger is involved in the above phase-shifting 
effect. In accordance with the foregoing, cAMP and its analogs have been 
shown to reset the SCN circadian clock in vitro. 78 79 Another second messenger, 
cGMP, which can be modulated by melatonin, 42 has also been implicated in 
regulation of the circadian pacemaker. For example, cGMP analogs can reset 
the phase of SCN oscillation, in vitro, only when applied during the subjective 
night of the circadian cycle. 80 A comparison of the in vitro effects of cAMP and 
cGMP analogs, indicated a difference of about 12 hours in the periods of SCN 
sensitivity to these second messengers, which appear to utilize distinct bio¬ 
chemical pathways in modulating the SCN clock. 80 More recent studies indicate 
that the phase-shifting effect of melatonin on the firing rate rhythm in the SCN 
involves activation of protein kinase C (PKC), via a pertussis toxin sensitive 
pathway. 81 Although the M7 { receptor had long been thought to mediate this 
effect, studies with animals subjected to targeted disruption of this receptor 
subtype, indicate that the elusive MT 2 receptor is in fact the subtype involved in 
melatonin-induced phase shifts in SCN neuronal activity. 68 Therefore, it is rea¬ 
sonable to assume that the MT 2 plays a role in phase shifting circadian rhyth- 
micity, via activation of the PLC-PKC pathway. This action could underlie the 
re-entrainment of disordered sleep cycles associated with blindness, shift work, 
jetlag and other conditions, following treatment with physiological doses of 
melatonin. 82 ' 85 It is not known how activation of the melatonin-MT 2 -PLC-PKC 
cascade is linked to phase shifts in SCN activity. However, the ability of GABA 
to phase shift neuronal activity in the mouse SCN 86 or circadian locomotor 
activity in a diurnal rodent, 87 suggests a potential link to the entraining effects 
of melatonin, which interacts with GABAergic systems. As noted earlier, the 
MT 2 receptor mediates inhibition of GABA a receptor activity in the hip¬ 
pocampus. 40 Since the MT 2 is also expressed in the SCN, it can presumably alter 
GABA a receptor function in the clock, at specific times in the 24-hour cycle (eg 
dusk and dawn), to modulate biological rhythms including sleep-wake cycles. 

5.3. Molecular Mechanisms and Conclusions 

GABA, the major inhibitory neurotransmitter in the CNS, is also the pre¬ 
dominant neurotransmitter in the SCN, 88 where there is a widespread 
distribution of GABA a receptors both pre- and postsynaptically. 89 
Therefore, it is not surprising that internal clock activity as well as clock 
output neurons utilize this transmitter, as previously suggested. 90 

Moreover, the acute as well as the circadian effects of melatonin on sleep 
appear to involve modulation of GABAergic activity in the clock, although 
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it is now possible to envisage separate mechanisms converging on this crucial 
effector system. The GABA a receptor which mediates the hyperpolarizing 
effects of GABA in the CNS, is a pentameric complex of subunits assembled 
from seven subunit classes consisting of numerous isoforms. 91 It is now 
thought that the majority of central GABA a receptor subtypes consist 
of various pentameric arrangements of a, (3 and y subunits. 92 
Immunohistochemical and molecular studies have detected the oc2,3,5,pl,3 
and yl,2 subunits in the SCN. 93 ’ 94 Electrophysiological studies have shown 
that GABA a activity can be differentially modulated by phosphorylation, 
depending on the subunits present in the pentameric complex. 95 For example, 
PKA-induced phosphorylation of serine residues on (31 or p3 subunits 
inhibits or enhances GABA-activated currents, respectively. 96 Therefore, 
MTj-G^ mediated suppression of the cAMP-PKA pathway in the SCN, with 
decreased phosphorylation of serine residues, could result in activation of 
pl-expressing GABA a receptors, while not affecting the normal activity of 
p3-expressing receptors. The consequent overall enhancement of GABAergic 
function, potentially supplemented by MTj-G.^ activation of inwardly recti¬ 
fying potassium channels, could suppress neuronal activity in the SCN, with 
sleep induction via the pathways described earlier. The possible mechanisms 
involved in this acute sleep induction by melatonin are shown in Figure 1. 

Regarding the issue of rhythm entrainment by melatonin, it is now known 
that this action is mediated by the MT 2 receptor and involves activation of 
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Figure 1. MT { mediated signal transduction pathways in the SCN underlying the 
acute sedative effects of melatonin. 
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PKC. While this indicates progress in understanding how melatonin phase 
shifts clock activity, the molecular mechanisms linking its activation of PKC 
to circadian modulation await clarification. Like other protein kinases, PKC 
can selectively modulate GABA a receptor activity with enhancement 
observed in hippocampal dentate gyrus granule cells, no effects found in CA1 
pyramidal cells, 95 and inhibition seen in cultured cortical neurons. 97 Other 
studies indicate that PKC can phosphorylate y2 subunits on the GABA a 
receptor, resulting in suppression of GABAergic activity in the brain. 98 Since 
y2 subunits are expressed in the SCN, it is possible that activation of the 
MT 2 -PLC-PKC pathway inhibits GABAergic transmission within the clock, 
resulting in phase shifts in neuronal activity and associated sleep-wake 
rhythms. How does this entraining signal get through to the clock at dusk and 
dawn, when melatonin levels are low? Recent studies indicate that nadirs in 
the rhythmic PKC activity of the SCN coincide with its windows of sensitiv¬ 
ity to melatonin. 99 The relatively higher efficacy of the MT 2 receptor in driv¬ 
ing the PLC-PKC cascade, 36 presumably allows this receptor to mediate shifts 
in neuronal activity in the sensitized clock, with consequent changes in sleep 
behaviour. The involvement of a PTX-sensitive protein in melatonin-induced 
activation of PKC in the SCN, 81 suggests transduction by the p and y sub¬ 
units of Gj as illustrated in Figure 2. However, the relatively high expression 
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Figure 2. MT 2 mediated signal transduction pathways in the SCN underlying the 
phase shifting effects of melatonin. 
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of G /n proteins in the hypothalamus 100 suggests that these transducers could 
also be utilized by the MT 2 in activating PKC. The focus here has been on 
possible GPCR-mediated mechanisms underlying the physiological effects of 
melatonin on sleep. Although GABAergic modulation appears to be a dom¬ 
inant theme, the multiplicity of targets for this hormone makes it likely that 
other supplementary mechanisms are involved. Future studies utilizing 
diverse cellular and molecular strategies will continue to clarify the role of 
melatonin in sleep, thus moving toward a full unleashing of its therapeutic 
potential in sleep dysfunction. 
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Serotonin and Neuroendocrine 
Regulation 

Relevance to the Sleep/Wake Cycle 

James W. Crane and Louis D. Van de Kar 

1. Introduction 

Serotonin was first isolated from serum by Rapport et al. 1 * 2 and was subsequently 
found to be present in the brain and to function as a neurotransmitter. 3 ' 5 Over the 
course of the last 50 years there has been an explosion of knowledge of the sero¬ 
tonergic system. The relatively recent development of selective serotonin re¬ 
uptake inhibitors (SSRIs) and their effectiveness in treating a vast array of 
conditions (e.g. depression, anxiety, obesity, bulimia, aggression, obsessive com¬ 
pulsive disorder and post-traumatic stress disorder) has only served to heighten 
interest into the multitude of functions that serotonin influences via its actions 
within the central nervous system. 614 Two of these functions of serotonin—the 
activation of various neuroendocrine systems and modulation of the sleep/wake 
cycle—will be dealt with in this review. Particular emphasis will be placed on the 
possible role that neuroendocrine systems may play in mediating some of the 
effects of serotonin on the three major components of the sleep/wake cycle: 
wakefulness, slow wave sleep (SWS) and rapid eye-movement (REM) sleep. 

2. Serotonin Neurons and Serotonin Receptors 

The first detailed description of serotonergic neurons in the brain was pre¬ 
formed by Dahlstom and Fuxe. 15 This study combined with that of 
Steinbusch et al. 16 determined that the vast majority of serotonergic neurons 
are located within midbrain raphe nuclei. These serotonergic neurons have 
been classified into nine separate cell groups (Bl-9). Of these cell groups, it is 
those located in the dorsal (B6 and B7) and the median raphe (B5 and B8) 
that have been found to provide the majority of the serotonergic input to the 
forebrain. 1718 These serotonergic cell groups have also been implicated in the 
control of neuroendocrine function. However, control of neural function 
occurs through the action of serotonin on specific serotonin receptors located 
both pre- and post-synaptically. 

At present, serotonin receptors are divided into 7 families (5-HTj 7 ), with a 
total of 14 distinct receptor subtypes recognized (see refs. 1920 ). The 5-HTj 
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family of receptors consists of 5-HT 1A , 5-HT ]B , 5-HT, D , 5-HT 1E , and 5- 
HT 1F . The 5-HT 2 family contains 5-HT 2A , 5-HT 2B , 5-HT 2C , and the 5-HT s 
family contains 5-HT 5A and 5-HT 5B . At present 5-HT 3 , 5-HT 4 , 5-HT 6 and 5- 
HT ? receptors are the only member of their respective families. With the 
exception of the 5-HT 3 receptor, a ligand-gated ion channel, all of these 
receptors are classical 7-transmembrane G protein coupled receptors. 
Activation of these receptors causes the disassociation of the trimeric G pro¬ 
teins into the Got subunit and the (Jy-subunit, both of which are capable of 
influencing neuronal function. In this regard, the type of G-protein that each 
serotonin receptor is coupled to determines its effect. The members of the 5- 
HT, family are coupled to G^ and z proteins which act to inhibit adenylyl 
cyclase; the members of the 5-HT 2 family are coupled to the G q/11 proteins to 
activate phospolipase C, increase intracellular Ca 4 * and activate protein kinase 
C; and 5-HT 4 6 , and 7 receptors couple to G s proteins which act to increase 
adenylyl cyclase activity. 21 Currently, the G-protein involved in 5-HT 5 signaling 
has not been determined. It must be noted that, in all cases, activation of these 
receptors has a diverse array of effects on the neuronal function. For instance, 
5-HT 1A , and 5-HT ? receptors also activate mitogen-activated protein kinase. 22 ' 24 
As such, the consequence of serotonin receptor activation within the brain 
is still an area of intense investigation. Given that members of the 5-HT, and 
5-HT 2 receptor families have been the focus of the majority of investigations into 
the serotonergic regulation of the sleep/wake cycle, this review will confine itself 
to the neuroendocrine effects of activation of these receptor subtypes. Hence, 
it is important at this point to discuss 5-HT 1A receptors in a little more detail. 

The 5-HT 1A receptor subtype is the most widely studied of the 5-HT, recep¬ 
tors and possibly of all serotonin receptors. This is in no small part because 
these receptors have been suggested to play a role in a number of neuropsy¬ 
chiatric disorders, such as depression and anxiety. 25 28 Importantly, these 
receptors are found at both pre- and post-synaptic locations. Pre-synaptically 
they are found on the cell bodies of raphe neurons, where they function as 
autoreceptors, 29 30 such that stimulation of these receptors within the dorsal 
raphe decreases neuronal firing and prevents serotonin release in the fore¬ 
brain. 31 ’ 32 Within the forebrain serotonin receptors are located within a num¬ 
ber of brain regions including, importantly, a number of hypothalamic nuclei 
involved in the regulation of neuroendocrine function. 30 33 As will be discussed 
later, activation of both pre- and post-synaptic 5-HT 1A receptors appears to 
play a role in both neuroendocrine function and the sleep/wake cycle. 

3. Serotonin and the Sleep/Wake Cycle: A Brief Overview 

The relationship between the activity of the serotonergic system and the 
sleep/wake cycle has been the focus of excellent reviews in recent years (see 
refs. 34 35 ). Therefore, we will provide only a brief outline of this field before 
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dealing in more detail with serotonergic modulation of neuroendocrine sys¬ 
tems and the possible influence this may have on the sleep/wake cycle. 

For many years serotonin was considered to be a sleep inducing sub¬ 
stance. 34 This changed, however, with the recording of dorsal raphe activ¬ 
ity over the length of the sleep/wake cycle. It was found that dorsal raphe 
activity was at its highest while the animal was awake, with this activity 
dropping at the onset of sleep and falling to almost zero during periods of 
REM sleep. 36-38 These results were consistent with reports that cooling of 
raphe neurons induced sleep. 39 More recently, treatments that increase 
synaptic serotonin levels, such as SSRI administration, have been found to 
have a suppressive effect on REM sleep. 35 As such, it is now thought 
that serotonin acts within the brain to suppress REM sleep and promote 
waking. 

With regards to the serotonin receptor subtypes involved in sleep/wake 
cycle regulation, to date the 5-HT 1A receptors have been the most widely 
investigated. Systemic administration of the selective 5-HT 1A receptor ago¬ 
nist 8-hydroxy-2-(di-n-propy-lamino) tetralin (8-OH-DPAT) increases wak¬ 
ing, and reduces SWS and REM sleep. 34 ’ 40 ’ 41 The 5-HT 1A receptor 
partial-agonists buspirone, gepirone and ipsapirone also reduce SWS and 
REM and increase waking in rats, 42 and administration of ipsapirone has 
also been shown to reduce REM sleep in humans. 43 ' 45 In rats, the effects of 
8-OH-DPAT can be blocked by the selective 5-HT 1A receptor antagonist 

4- (2'-methoxy-phenyl)-l-[2'-(n-2"-pyridinyl)-p-iodobenzamido]-ethyl-piper- 
azine (p-MPPI), indicating that 5-HT 1A receptors mediate the sleep/wake 
effects of 8-OH-DPAT. 46 In contrast to the effects of systemic administra¬ 
tion, the delivery of 8-OH-DPAT directly into the dorsal raphe (which pre¬ 
sumably activates 5-HT 1A autoreceptors and inhibits serotonin neurons in 
this region) increases REM sleep in both cats and rats. 41 47 48 This result is 
consistent with the observation that serotonin neurons in the dorsal raphe are 
silent during REM sleep. Therefore, it appears that both pre- and post-synap- 
tic 5-HT 1A receptors are capable of influencing the sleep/wake cycle: activa¬ 
tion of 5-HT 1A autoreceptors increasing REM sleep, and activation of 
post-synaptic 5-HT 1A receptors reducing REM sleep. Interestingly, knockout 
mice lacking the 5-HT 1A receptor display an increase in REM sleep, suggest¬ 
ing that post-synaptic 5-HT 1A receptors exert more of an influence over the 
sleep/wake cycle than 5-HT 1A autoreceptors. 49 

The sleep/wake cycle is also influenced by receptors of the 5-HT 2 family, 
although much less is known than for the 5-HT 1A receptor. Agonists of the 

5- HT 2A/2C receptors such as l-(2,5-dimethoxy-4-methylphenyl)-2-amino- 
propane (DOM) and 1 -(2,5-dimethoxy-4-iodophenyl)-2-aminopropane 
(DOI) increase waking and decrease SWS and REM sleep. 50 51 All but the 
reduction in REM sleep can be prevented by pre-treatment with selective 
5-HT 2A/2C antagonists such as ritanserin. 34 ’ 50 ’ 51 Consistent with these find¬ 
ings, systemic administration of 5-HT 2 receptor antagonists alone 
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increases SWS in both rats and humans. 50 52 ' 54 However, reports on the 
influence of 5-HT 2 receptor antagonists on REM sleep are less conclu¬ 
sive. 34 All in all, however, the lack of highly selective antagonists has lim¬ 
ited research into this area. 

The influence exerted by serotonin and its receptors is largely thought to be 
mediated by effects on sleep/wake regulatory structures of the brain. For 
example, dorsal raphe projections to the lateral dorsal tegmental nuclei, 
pedunculopontine tegmental nuclei, and the medial pontine reticular forma¬ 
tion are thought to influence REM sleep. Under this proposal, activation of 
5-HT 1A autoreceptors would reduce serotonin release in these brain regions 
and increase REM sleep. In contrast, activation of post-synaptic 5-HT 1A 
receptors in these brain regions would act to inhibit REM sleep. 55 ’ 56 However, 
5-HT 1A and 5-HT 2 receptors are known to have effects on a number of neu¬ 
roendocrine systems, some of which are known to influence the sleep/wake 
cycle. 


4. The Hypothalamic-Pituitary-Adrenal Axis 

As a result of considerable investigation during the last half of the 20th cen¬ 
tury the details of the hypothalamic-pituitary-adrenal (HPA) axis are now 
well known. 57 The apex of this axis is located within the medial parvocellular 
zone of the paraventricular nucleus of the hypothalamus (mpPVN). It is 
within this region that neurons containing corticotrophin-releasing-hormone 
(CRH) that project to the median eminence are located. 58 59 First isolated by 
Vale et al., 60 CRH is released by neurons of the mpPVN into the median emi¬ 
nence and transported, via a portal circulation, to the anterior pituitary. On 
exposure to CRH, corticotropin cells within the anterior pituitary release 
adrenocorticotropin hormone (ACTH) into the general circulation. However, 
the activation of corticotropin cells is also regulated by arginine vasopressin 
and oxytocin. Arginine vasopressin is also release into median eminence by 
CRH-containing neurons of the mpPVN. 61 At the level of the pituitary argi¬ 
nine vasopressin acts synergistically with CRH to enhance the release of 
ACTH into the general circulation. 62 ' 64 Similarly, oxytocin acts within the 
pituitary to influence the release of ACTH into the general circulation. 
Magnocellular oxytocin-containing neurons within the paraventricular 
nucleus (PVN) and the supraoptic nucleus largely project to the posterior 
pituitary where they release oxytocin into the general circulation. However, 
there is also evidence that they provide terminals that release oxytocin into 
the portal circulation of the median eminence, 65 66 and that the presence 
of oxytocin in the anterior pituitary potentiates the CRH-induced release of 
ACTH into the general circulation. 65 67 ' 69 The adrenal cortex then responds to 
the increased presence of ACTH by releasing glucocorticoids (cortisol in 
humans; corticosterone in rats). Glucocorticoids have an incredibly diverse 
range of actions within the body. However, they are principally thought of as 
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stress hormones crucial to the survival of the organism during exposure to 
stressful stimuli. 

Perhaps because of the importance of the HPA axis in an organism sur¬ 
vival, the activity of this axis is under the control of a multitude of factors. 
The neural regulation of the HPA axis is an area of intense investigation, with 
the major focus being on inputs from areas traditionally viewed as limbic 
structures. In particular, a number of structures within the amygdala areas 
have been shown to regulate HPA axis activity, 70 ' 74 as have regions of the bed 
nucleus of the stria terminalis, medial prefrontal cortex and hippocampus. 75 ' 84 
Inputs from brainstem and midbrain nuclei are also critical regulators of HPA 
axis function. For instance, noradrenergic neurons of the ventrolateral 
medulla and nucleus tractus solitarius influence HPA axis responses to stress¬ 
ful stimuli. 85 86 Similarly, serotonergic neurons are known to regulate HPA axis 
activity (see next section). As well as synaptically released neurotransmitters, 
a number of humoral factors influence the HPA axis. Probably the most well 
characterized of these are the glucocorticoids themselves. It has been known 
for sometime that glucocorticoids provide a negative-feedback regulation of 
HPA axis activity. This occurs via two glucocorticoid receptor subtypes. Type 
I receptors are high affinity receptors that are thought to be largely occupied 
by basal levels of glucocorticoids. Conversely, Type II receptors have a rela¬ 
tively low affinity for glucocorticoids and are thought to only be occupied dur¬ 
ing the high levels of glucocorticoids released as a result of stressful stimuli. 
Type I receptors appear to be important in maintaining the level of ACTH 
secretion seen during the circadian trough, whereas both Type I and II recep¬ 
tors are involved reining in the HPA axis during the circadian peak and dur¬ 
ing stressor exposure. 6187 88 

4.1. Serotonergic Regulation of the HPA Axis 

Serotonergic neurons of the dorsal and median raphe nuclei project to the 
mpPVN region of the hypothalamus, the location of the CRH cells at the 
apex of the HPA axis. 8990 Indeed, serotonin-containing terminals make 
direct synaptic contact with CRH cells in the mpPVN. 91 A number of stud¬ 
ies have demonstrated that increasing serotonin synthesis, release or synap¬ 
tic levels results in activation of the HPA axis. For example, acute 
administration of SSRIs results in the HPA axis activation in rats and 
humans. 92 ' 94 Similarly, the administration of the serotonin releasing drugs 
3,4-methylenedioxymethamphetamine (MDMA) and dexfenfluramine 
results in increases in ACTH and cortisol in humans. 95 96 With regards to the 
particular serotonin receptor subtypes that might be involved in HPA axis 
regulation, the focus of research has again been on 5-HT 1A and 5-HT 2A/2C 
receptors. 

It has now been demonstrated by in-situ hybridization, autoradiography 
and immunohistochemistry that 5-HT 1A receptors are located within the 
PVN, 33 ’ 97 ' 100 and activation of 5-HT 1A receptors stimulates the HPA axis. In 
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rats, systemic administration of the selective 5-HT 1A receptor agonist 8-OH- 
DPAT increases the release of ACTH and corticosterone into the plasma, an 
effect that can be blocked by the specific 5-HT 1A receptor antagonist WAY 
100635. 101102 Systemic administration of partial 5-HT 1A receptor agonists 
such as buspirone, gepirone and ipsiparone also result in HPA axis activation 
in both rats and humans. 103 106 Of course systemically administered 5-HT 1A 
receptor agonists act on both the somatodendritic autoreceptors in the raphe 
and post-synaptic receptors. However, there is evidence to suggest that the 
HPA axis stimulatory effect is due to activation of post-synaptic 5-HT 1A 
receptors located with the PVN. Lesion studies have demonstrated that the 
PVN is crucial to the 8-OH-DPAT-induced ACTH and corticosterone 
release. 107 108 Recently, it has been reported that delivery of the 5-HT 1A selec¬ 
tive antagonist WAY 100635 into the PVN prevented the ACTH response to 
systemic 8-OH-DPAT administration. 109 Also, the administration of 8-OH- 
DPAT directly into the PVN increases plasma ACTH and corticosterone 
levels. 110 Interestingly, it now appears that glutamate receptors within the 
PVN may be the involved in the HPA axis activation elicited by activation of 
5-HT 1A receptors within the PVN. 110 However, regardless of the exact nature 
of the circuitry within the PVN, it is clear that 5-HT 1A receptor activation 
within this region stimulates the HPA axis. Another aspect of the 5-HT 1A 
receptor activation of the HPA axis is that it involves the pertussis toxin- 
insensitive G z -protein. m When rats were pre-treated with pertussis toxin the 
ACTH response to 8-OH-DPAT was not affected. However, the injections 
of G z antisense oligonucleotides into the third ventricle of the rat reduced the 
8-OH-DPAT-induced increase in plasma ACTH. 111 This finding could have 
considerable implications for future pharamacological manipulations of the 
HPA axis. 

The PVN also contains 5-HT 2A and 5-HT 2C receptors 97112113 and activa¬ 
tion of these receptor-subtypes stimulates the HPA axis. 114 ' 118 In fact, sys¬ 
temic administration of the 5-HT 2 receptor agonist DOI activates CRH cells 
of the mpPVN, as determined by dual-immunohistochemical detection of 
the protein product of the immediate-early gene c-fos and CRH peptide. 119 
Historically, the lack of suitably selective agonists and antagonists has lim¬ 
ited investigation into the relative contribution of 5-HT 2A and 5-HT 2C recep¬ 
tors to HPA axis stimulation. However, we have recently demonstrated that 
the ACTH response to DOI can be blocked by intra-PVN injection of the 
selective 5-HT 2A receptor antagonist MDL 100907, suggesting that 5-HT 2A 
receptors in the PVN (and not 5-HT 2C receptors) are involved in the regula¬ 
tion of the HPA axis response by 5-HT. 113 


4.1.1. Relevance to the Sleep/Wake Cycle 

Deepening of sleep and increases in REM sleep are associated with a 
decrease in cortisol levels. Conversely, lightening of sleep and waking are 
associated with increases in cortisol secretion. 120 This pattern of cortisol 
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secretion is similar to that displayed by the neurons of the dorsal raphe i.e. 
quiet during REM sleep and active during waking, and these neurons are 
known to influence the activity of the HPA axis (see above). Also, a number 
of studies have found that components of the HPA axis (namely CRH, 
ACTH, and corticosterone/cortisol) are capable of influencing the sleep/wake 
cycle. Repetitive intravenous injections of CRH resulted in an increase in 
waking and a decrease in SWS and REM sleep, 121 and intracerebroventricu- 
lar administration of CRH has been reported to decrease SWS in rats. 122 
Consistent with these results, intracerebroventricular administration of CRH 
antagonists or antisense oligonucleotides directed against CRH mRNA 
decreases waking and increase SWS, but do not significantly affect REM 
sleep. 123 124 It must be noted, however, that there exists in the brain an exten¬ 
sive network of CRH neurons and terminals that is not related (at least 
directly) to the release of ACTH from the pituitary. As such, it is possible that 
the sleep/wake effects of CRH, CRH antagonists and CRH antisense 
oligonucleotides are not due to alterations in HPA axis function. 

Investigations into the effect of exogenous ACTH and cortisol/corticos¬ 
terone have more conclusively determined the influence exerted by the HPA 
axis on the sleep/wake cycle. Continuous 8-hour infusion of ACTH has been 
reported to decrease REM sleep regardless of when the infusions started, but 
reduced SWS only when infusion began at 0800. 125 However, the influence of 
ACTH appears to be related to the central actions of ACTH rather than 
stimulation of cortisol release, as systemic administration of ebiratide (a syn¬ 
thetic ACTH analogue with behavioural effects but lacking the ability to 
stimulate cortisol secretion) reduced SWS and increased wakefulness. 126 
Similar to the effects of ACTH, continuous and pulsatile cortisol adminis¬ 
tration have been shown to reduce REM sleep but increase SWS in healthy 
males 127 ’ 128 As exogenous CRH and cortisol exert opposite effects on SWS, it 
has been proposed that the influence of CRH on SWS is not mediated via its 
stimulation of cortisol release. In contrast, it appears that the decrease in 
REM sleep seen after CRH, ACTH and cortisol administration is due to the 
effects of increased plasma cortisol concentrations seen after administration 
of each of these hormones. 129 

At least some effects of the serotonergic system on the sleep/wake cycle are 
likely to be due to its influence on the HPA axis. The activity of serotonergic 
neurons of the dorsal raphe is at its highest during waking and almost non¬ 
existent during REM sleep. Also, serotonin levels are elevated in the PVN 
when the animal is awake. 130 In addition to this, activation of 5-HT 1A and 
5-HT 2A/2C receptors decreases SWS and REM sleep, and stimulates the HPA 
axis, as exemplified by increased plasma ACTH and cortisol/corticosterone 
levels. As detailed above, increased cortisol/corticosterone levels act to reduce 
REM sleep and could, therefore, contribute to the REM sleep reduction seen 
after activation of 5-HT 1A and 5-HT 2A/2C receptors. However, the decrease in 
SWS seen in response to activation of 5-HT 1A and 5-HT 2A/2C receptors is 
more likely to be due to the central effects of CRH and ACTH, as both of 
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these peptides appear to act centrally to decrease SWS. The increase in REM 
sleep seen after inhibition of dorsal raphe 5-HT neurons by direct adminis¬ 
tration of the 5-HT 1A receptor agonist 8-OH-DPAT could also be due to 
reduced serotonin release in the PVN and a subsequent reduction in the 
activity of the HPA axis. Of course further investigation will need to be per¬ 
formed to determine the exact involvement of the HPA axis in mediating 
aspects of serotonergic regulation of the sleep/wake cycle. 


5. Oxytocin 

Magnocellular oxytocin-containing neurons are located within both the PVN 
and the supraoptic nucleus of the hypothalamus, and these neurons project 
to the posterior pituitary where, upon activation, they release oxytocin into 
the general circulation. 131 As mentioned above, magnocellular neurons also 
release oxytocin into the portal circulation of the median eminence, a release 
that appears to influence the CRH-induced release of ACTH. 65 69 There is 
also evidence that oxytocin is released from the dendrites of magnocellular 
neurons and can influence the activity of surrounding neurons. Lastly, it 
appears that parvocellular neurons of the PVN contain oxytocin and use it 
as a neurotransmitter/neuromodulator in a number of extrahypothalamic 
areas. 131133 Although, these neural actions of oxytocin are not technically 
neuroendocrine in nature, they are actions that we will deal with since they 
have been found to regulate the sleep/wake cycle. 

5.1. Serotonergic Regulation of Oxytocin Release 

It is well accepted that the release of oxytocin into the general circulation by 
magnocellular oxytocin neurons is controlled, at least in part, by the seroton¬ 
ergic system. Both the PVN and supraoptic nucleus contain serotonin-positive 
terminals 134 and stimulation of the dorsal raphe increases plasma oxytocin 
levels. 110135 However, lesion studies suggest that the ability of serotonin to 
increase plasma oxytocin is largely dependent on oxytocin neurons of the 
PVN, rather than those of the supraoptic nucleus. 136 Serotonergic neurons 
also appear to be involved in maintaining basal levels of oxytocin in magno¬ 
cellular neurons, as selective lesions of serotonin terminals within the PVN 
reduced basal levels of oxytocin in the plasma and the pituitary. 136137 
However, to date there have been no studies on the effect of the serotonergic 
system on oxytocin release from dendrites release or from centrally-projecting 
parvocellular neurons. 

Similar to serotonergic regulation of the HPA axis, 5-HT 1A and 5-HT 2A/2C 
receptors are the most investigated with regards to regulation of oxytocin 
secretion. The systemic administration of the 5-HT 1A selective agonist 8-OH- 
DPAT increases plasma oxytocin levels, and similar results have been found 
with other 5-HT 1A receptor agonists. 101102 ’ 107 ’ 108 138 This oxytocin release is 
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due to 5-HT 1A receptor activation as it can be blocked by pre-treatment with 
the selective 5-HT 1A receptor antagonist WAY 100635. 101 Numerous pieces of 
evidence suggest that post-synaptic 5-HT 1A receptors in the PVN are respon¬ 
sible for the oxytocin release: 5-HT 1A receptors are present on magnocellular 
oxytocin neurons of the PVN; 33 lesions of the PVN reduce the oxytocin 
response to systemic administration of 5-HT lA receptor agonists; 107 108 and 
intra-PVN injection of WAY 100635 blocks the oxytocin response to sys¬ 
temic 8-OH-DPAT administration. 109 Similar to the situation with the HPA 
axis, 5-HT 1A receptor-mediated regulation of oxytocin release from the PVN 
appears to involve the pertussis toxin-insensitive G-protein, G z . ln 

A number of studies have demonstrated that 5-HT 2A and 5-HT 2C receptors 
are located within the PVN, 97 ’ 112 ’ 113 ’ 139 and that systemic administration of the 
5-HT 2A/2C receptor agonists increases plasma oxytocin concentrations. 33 107 113119 
Consistent with this increase, systemic administration of the 5-HT 2 receptor 
agonist DOI activates, as determined by c -fas expression, oxytocin neurons of 
the PVN. 119 Both the increase in c -fos expression and the release of oxytocin in 
response to systemic DOI can be blocked by systemic injection of the 5-HT 2A 
selective antagonist MDL 100907. 119 Further to this, we have recently demon¬ 
strated that the DOI-induced release of oxytocin can be suppressed by intra- 
PVN injections of MDL 100907, indicating that it is 5-HT 2A receptors within 
the PVN that are critical for the oxytocin response to DOI. 113 


5.1.1. Relevance to the Sleep/Wake Cycle 

To date there appear to be no reports on the effect of systemic oxytocin admin¬ 
istration on the sleep/wake cycle. However, it has recently been reported that 
retrodialysis of oxytocin into the lateral cerebral ventricle of rats increases 
wakefulness and decreases REM sleep. 140 Given that intra-PVN oxytocin 
appears to facilitate the release of ACTH in response to stress, the authors sug¬ 
gested that the sleep/wake effects following administration of oxytocin into the 
lateral cerebral ventricle might be due to its actions within the PVN to influ¬ 
ence HPA axis activity. 141 While it is acknowledged that intra-nuclear release of 
oxytocin from soma and dendrites can occur in the PVN, 131-133 it is yet to be 
determined whether serotonin is capable of inducing this release. However, 
given that serotonin and serotonin receptors are known to stimulate magnocel¬ 
lular oxytocin neurons within the PVN, it seems highly likely that serotonergic 
mechanisms are also involved in the regulation of intra-nuclear release of oxy¬ 
tocin. If this is indeed the case, it would provide another avenue by which the 
serotonergic system might influence the sleep/wake cycle. 


6. Prolactin 

Prolactin is synthesized by lactotrophs located within the anterior pituitary, 
and its release into the general circulation is under the control of both 
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prolactin-inhibiting factors and prolactin-releasing factors located in the 
hypothalamus. 142 143 The primary prolactin-inhibitory factor is dopamine, 
which is released into the median eminence by tuberoinfundibular neurons 
located in the arcuate nucleus of the hypothalamus. Once in the portal cir¬ 
culation of the anterior pituitary it binds to dopamine receptors (D 2 ) 
located on the lactotrophs and inhibits prolactin release into the general 
circulation. 144 As lactotrophs have a particularly high spontaneous activity, 
leading to prolactin release, the inhibitory action of dopamine was long 
considered to be the primary regulator of prolactin secretion. 144 However, 
a number of prolactin-releasing factors have recently been identified. 
Amongst these is oxytocin, which stimulates prolactin release in vitro and 
in vivo. us Consistent with this, lactotrophs possess oxytocin receptors and 
(as mentioned above) oxytocin is found in high concentration in the portal 
circulation. 65 146 However, the influence of oxytocin on prolactin secretion 
only seems to be apparent in the absence of dopamine. 143 145 Other pro¬ 
lactin-releasing factors that are believed to act directly on the lactotrophs 
of the anterior pituitary include thyrotropin-releasing hormone, vasoactive 
intestinal peptide, and the recently identified prolactin releasing peptide. 142144 
Neurotransmitters and neuromodulators have also been demonstrated to 
influence the release of prolactin, included in this list is serotonin. 

6 . 1 . Serotonergic Regulation of Prolactin Release 

Systemic administration of serotonin and serotonin releasing agents (such as 
/7-chloroamphetamine) cause a rapid increase in plasma prolactin concentra¬ 
tions, 147148 and there is evidence that neurons of the dorsal raphe contribute 
to the serotonergic regulation of the prolactin release. 149151 Also, serotoner¬ 
gic release of prolactin is mediated by PVN neurons, since lesions of this area 
prevent the prolactin release seen following systemic administration of sero¬ 
tonin receptor agonists and serotonin releasing agents. 107 148 ’ 152 

In contrast to the regulation of the HPA axis and oxytocin secretion, 
5-HT 1A receptors do not regulate prolactin secretion. Prolactin release in 
humans following systemic administration of agonists selective for the 
5-HT 1A receptor is inconsistent, with buspirone and gepirone (but not 
ipsapirone or tandospirone) increasing plasma prolactin levels. 153 157 In rats, 
systemic administration of 8-OH-DPAT and ipsapirone produce a highly 
transient increase in prolactin release. 158 162 However, pre-treatment with the 
5-HT 1A receptor antagonist WAY 100635 does not prevent the prolactin 
release seen after systemic 8-OH-DPAT administration. 101 Consistent with 
this, we have found that reductions in the levels of G z protein in the PVN, 
produced by local administration of G z antisense oligonucleotides, do not 
alter the prolactin release seen after systemic 8-OH-DPAT administration. 111 
Put together with reports that the prolactin response to 8-OH-DPAT can 
be blocked by pre-treatment with pertussis toxin, 111 these results suggest 
that receptors other than the 5-HT 1A receptor are utilizing the pertussis 
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toxin-sensitive G-proteins to mediate the 8-OH-DPAT-induced increases in 
plasma prolactin levels. 

It has been known for some time that the 5-HT 2A/2C agonists, such as DOI, 
dose dependency increases plasma prolactin levels; 102 107 148 152 however, the 
lack of a suitably selective antagonist prevented further delineation of the rel¬ 
ative contribution of 5-HT 2A and 5-HT 2C receptors in this response. Recently, 
however, we used the selective 5-HT 2A receptor antagonist MDL 100907 to 
investigate the role of this subtype in DOI-induced prolactin secretion. Pre¬ 
treatment, systemically, with MDL 100907 dose dependently reduced the 
increase in plasma prolactin levels seen after systemic DOI administration. 119 
Further to this, injection of MDL 100907 directly into the PVN also dose 
dependently reduced the prolactin release seen in response to systemic 
administration of DOI. 113 Based on these results we conclude that 5-HT 2A 
receptors, but not 5-HT 2C receptors, in the PVN play an integral role in the 
control of prolactin secretion by serotonin. It should be noted, however, that 
at present the neural substrates responsible for 5-HT 2A receptor-induced pro¬ 
lactin release are unknown. As detailed above, 5-HT 2A receptors also activate 
oxytocin neurons in the PVN, suggesting that this prolactin-releasing factor 
may mediate some of the effects. It is also possible that 5-HT 2A receptors 
stimulate the release of other prolactin-releasing factors or act to inhibit 
dopamine release into the median eminence, possibly through the activation 
of inhibitory inter-neurons present in the hypothalamus. 142 


6.1.1. Relevance to the Sleep/Wake Cycle 

A number of studies indicate that the predominant effect of prolactin is to 
increase REM sleep. Systemic administration of prolactin results in an 
increase in REM sleep in both rat and rabbits. 163 164 Increased endogenous 
prolactin levels, resulting from systemic administration of vasoactive intes¬ 
tinal peptide, increase REM sleep in rats. 165 Chronic elevations in plasma pro¬ 
lactin levels, as a result of anterior pituitary graft under the capsule of the 
kidney, result in a large increases in REM sleep. 166 Also, there is a correlation 
between increases in REM sleep and plasma prolactin levels following central 
infusion of prolactin-releasing peptide, 167 and systemic administration of 
antibodies to prolactin produced a small reduction in REM sleep. 168 
Interestingly, central administration of prolactin also increases REM sleep, 169 
and the central administration of antibodies to prolactin decreases sponta¬ 
neous and stress-induced REM sleep. 170 These results are consistent with the 
fact that circulating prolactin gains access the CNS, via a receptor-mediated 
transport mechanism located in the choroids plexus, 171 where it is thought to 
interact with specific prolactin receptors distributed throughout the forebrain 
to regulate REM sleep. 172 

It is difficult to reconcile the REM sleep promoting effect of prolactin with 
the fact that systemic administration of 5-HT 2A receptor agonists increase 
prolactin release but decrease REM sleep. It must be noted, however, that 


148 James W. Crane and Louis D. Van de Kar 


prolactin does reduce REM sleep in rats when administered during the night 
period. 164 This suggests that the behavioral state of the animal might influ¬ 
ence the effect of prolactin on REM sleep. Also, increases in REM sleep seen 
after systemic prolactin administration take 1-2 hours to manifest. 163 As 
such, more rapid changes in the sleep/wake cycle resulting from 5-HT 2A 
receptor activation could prime the system to respond to prolactin by reduc¬ 
ing REM sleep. Of course, it is possible that the REM sleep promoting effects 
of prolactin are simply overcome by the REM sleep suppressing effects of 
glucocorticoids that are also released following activation of 5-HT 2A recep¬ 
tors in the hypothalamus. 


7. Growth Hormone 

The synthesis and release of growth hormone from somatotrophs of the 
anterior pituitary is primarily regulated by two hypothalamic peptides: 
growth hormone releasing hormone (GHRH) and somatostatin. 173174 
A number of hypothalamic nuclei contain GHRH; however, only GHRH- 
containing neurons of the arcuate nucleus project to the median emi¬ 
nence. 173175176 Upon reaching the somatotrophs, via the portal ciculation of 
the pituitary, GHRH acts on specific receptors to stimulate both the synthe¬ 
sis and release of growth hormone. 173 This is in contrast to the actions of 
somatostatin which, once released from neurons of the periventricular-region 
of the PVN into the median eminence, acts via specific receptors on soma¬ 
totrophs to suppress growth hormone release. 173 177 In addition to this, 
somatostatin containing neurons in the arcuate nucleus are also thought to 
influence the activity of GHRH-containing neurons to influence the release 
of growth hormone from the anterior pituitary into the general circulation. 173 

7.1. Serotonergic Regulation of Growth Hormone Release 

Serotonin has a stimulatory effect on growth hormone secretion. Admini¬ 
stration of the serotonin precursors, L-tryptophan or 5-hydroxytryptophan, 
stimulates growth hormone release. 178181 Similarly, administration of the SSRI 
fluoxetine to rat pups increases plasma growth hormone levels. 182 

In humans, pre-treatment with the 5-HT 1A receptor antagonist pindolol 
attenuates the growth hormone response to an L-tryptophan challenge. 178 
Similarly, systemic administration of a number of 5-HT 1A selective agonists 
(such as buspirone, ipsapirone, tandospirone, and flesinoxan) produce rapid 
increases in plasma growth hormone concentrations in humans; increases 
that can be blocked by pre-treatment with pindolol. 183 187 In rats, however, 
results suggest that 5-HT 1A receptor activation does not affect plasma 
growth hormone levels to any great degree. 158 188 To date the influence of 
serotonin and serotonin receptors on GHRH has not been investigated. 
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However, GHRH does appear to play a role in the growth hormone release 
seen after systemic administration of 5-hydroxy tryptophan. 189 Also, the 
influence of 5-HT 1A receptors on somatostatin concentrations is yet to be 
determined, with both a decrease and no change being reported to occur 
after systemic 8-OH-DPAT administration to. 190191 

7.1.1. Relevance to the Sleep/Wake Cycle 

Both growth hormone and GHRH influence the sleep/wake cycle in ani¬ 
mals and humans (see refs. 192 193 ). Growth hormone increases REM sleep in 
humans and rats 194 and systemic administration of GHRH to humans and 
animals increases both SWS and REM sleep. 122 195 198 The REM-promoting 
effects of GHRH appear to be due to the stimulation of growth hormone 
release, as GHRH-induced increases in REM sleep were not seen in 
hypophysectomized rats. 199 Similarly, reductions in REM sleep seen in mice 
with non-functional GHRH-receptors can be reversed by subcutaneous 
infusion of growth hormone, 200 whereas the reductions in SWS remain 
unaltered. These results also suggest that the GHRH acts centrally to 
increase SWS. 

Given the limited amount of information regarding serotonergic control of 
growth hormone secretion, it is hard to make any strong claims about the 
involvement of growth hormone release in the effect of serotonin on the 
sleep/wake cycle. Activation of 5-HT 1A receptors decreases SWS and REM 
sleep, and increases the release of growth hormone. Yet, growth hormone 
administration increases REM sleep. 

As such, the 5-HT 1A receptors are unlikely to influence REM sleep via the 
release of growth hormone. However, as there are no reports on the influence 
of 5-HT 1A receptors on GHRH release, it is impossible to determine whether 
or not this peptide plays a role in the SWS reduction seen in response to 5-HT 1A 
receptor activation. 


8. Conclusion 

Serotonin is known to regulate the sleep/wake cycle. While this is thought to 
be primarily due to its influence over sleep/wake centers within the brain, 
there is (as detailed above) a considerable amount of circumstantial evidence 
suggesting that serotonergic regulation of neuroendocrine systems may also 
play a role in modulating the sleep/wake cycle. 

However, this possibility has yet to be directly examined. This is no doubt 
due in part to the paucity of specific serotonin receptors agonists and antag¬ 
onists that are available. Hopefully future studies directly investigating the 
role that the activation of neuroendocrine systems by serotonin plays in its 
regulation of the sleep/wake cycle will soon be performed. 
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Locus Coeruleus and Adrenergic 
Modulation of Rapid Eye Movement 
Sleep 

Birendra Nath Mallick, Vibha Madan and Dinesh Pal 

1. Introduction 

Neurons in the brain regulate different functions of the body through the 
release of a variety of chemicals, the neurotransmitters. These neurotrans¬ 
mitters and neurochemicals may be broadly divided into two main classes. 
The small-molecule neurotransmitters such as acetylcholine, biogenic 
amines, amino acids viz. gamma aminobutyric acid (GABA), glycine, gluta¬ 
mate and also several neuroactive peptides which are short chains of amino 
acids that may act like neurohormones. The term biogenic amine has been 
used for certain neurotransmitters that include the catecholamines, for exam¬ 
ple, dopamine, epinephrine, norepinephrine, derived from the amino acid 
tyrosine and serotonin, derived from the amino acid tryptophan. 

Norepinephrine (NE) was first identified in the 1930s, as a neurotrans¬ 
mitter whose actions resembled that of the stress hormone epinephrine. It 
plays an important role in the well known “fight-or-flight response”, that 
accompanies the adrenaline rush one experiences when the brain senses a 
stressful situation and mobilizes the body for quicker reaction. Deficiencies 
and excesses of NE have also been linked to mood disorders, the former 
with depression while the latter with agitated, maniac states. NE-dependent 
modulation of long-term alterations in synaptic strength, gene transcrip¬ 
tion and other processes suggest a potentially critical role of this neuro¬ 
transmitter system in experience-dependent alterations in neural function 
and behavior. 

The locus coeruleus (LC), located in the dorso-lateral pontine central gray 
region in the brainstem, is the primary site possessing, depending on species, 
exclusively or predominantly NE-ergic neurons. Through a widespread effer¬ 
ent projection system, the LC-NE-ergic system supplies a major portion (more 
than 60%) of NE throughout the central nervous system. Initial studies pro¬ 
vided critical insights into the basic organization and properties of this sys¬ 
tem. More recent work identifies a complicated array of behavioral and 
electrophysiological actions that have in common the facilitation of process¬ 
ing of relevant or salient information. This involves two basic levels of action. 
First, the system contributes to the initiation and maintenance of behavioral 
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and forebrain neuronal activity states appropriate for the collection of sensory 
information (e.g. waking). Second, within the waking state, this system mod¬ 
ulates the collection and processing of salient sensory information through 
diverse concentration-dependent actions within cortical and subcortical sen¬ 
sory, attention and memory circuits. The ability of a given stimulus to increase 
discharge of LC-NE-ergic neurons appears independent of affective value 
(appetitive vs. aversive). Combined, these observations suggest that the LC- 
noradrenergic system is a critical component of the central neural architecture 
supporting interaction with and navigation through the complex world. 


2. Modulation of Sleep-Wakefulness and Corresponding 
Changes in the Eeg by Adrenoceptor Agonist and 
Antagonist 

Sleep-wakefulness has been objectively identified and classified into different 
states (Figure 1) by the presence of associated characteristic signals in the 
cortical electroencephalogram (EEG), electrooculogram (EOG), electromyo¬ 
gram (EMG) and hippocampal (Hipp) waves. Our understanding of the 
effects and mechanism of action of different neurotransmitters on sleep- 
wakefulness has largely come from the use of agonist and antagonist of neu- 
rotransmitter(s) at least on the EEG. 

The presence of adrenergic receptors in the brain has been shown since 
long. 1 ’ 2 3 4 The a2-agonist, clonidine, when injected intraperitoneally, was found 
to reduce REM sleep in rats and cats. 5 6 A similar decrease in REM sleep has 
been observed in man with a dose about five times smaller than that used in the 
rat. 7 The a2-antagonist, yohimbine, increased active wakefulness immediately 
after administration but did not affect REM sleep. 8 Systemic application of al- 
adrenergic agonist, methoxamine, increased active wakefulness and decreased 
sleep as well as REM sleep, 9 while a 1-antagonist, prazosin, increased REM 
sleep. 8 The pi-antagonist increased waking and decreased REM sleep while P- 
1 agonist increased REM sleep. 10 In another study prazosin administration was 
found to slightly modify waking and sleep while REM sleep was significantly 
reduced in a dose dependent manner. 9 Oral administration of prazosin in rats 
was found to shorten quiet waking and REM sleep while it increased active 
waking and slow wave sleep. 11 Although systemic application of the drugs sug¬ 
gested that noradrenergic agonist and antagonist might modulate sleep-wake- 
fulness and REM sleep, their central site of action could not be commented 
upon. Also, systemic injections might affect sleep-waking secondary to 
peripheral changes e.g. blood pressure. However, the drugs are likely to act at 
the central site may be inferred from the observations that the EEG desyn¬ 
chronization induced by stimulation of the brainstem reticular formation in 
cats could be prevented by i.p. injection of adrenoceptor and cholinergic 
antagonists. 12 
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Figure 1. This figure shows polygraphic traces of simultaneous recording of elec¬ 
troencephalogram (EEG), electrooculogram (EOG), electromyogram (EMG) and 
hippocampal theta waves (hipp) in a freely moving rat. The electrophysiological sig¬ 
nals are used to classify the sleep-wakefulness into five stages. 


Localized bilateral injections of the (3-agonist isoproterenol into the dorsal 
pontine tegmentum of cat reduced REM sleep while the (3-antagonist pro¬ 
pranolol consistently enhanced it, largely because of an increased number of 
REM sleep episodes. 13 Bilateral injections of a2-agonist clonidine into the 
dorsal pontine tegmentum of cat produced an almost complete suppression 
of REM sleep. 14 The al-agonist methoxamine, when injected into the dorsal 
pontine tegmentum of cat produced significant decrease in REM sleep. 

The decrease in the total REM sleep was found to be due to both an 
increase in REM sleep latency and a reduction in number and duration of 
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REM sleep episodes. 15 Local application of noradrenergic agonist and antag¬ 
onist into the medial preoptic area also modulated the sleep-waking pattern 
in freely behaving rats. It was concluded that in the medial preoptic area 
the noradrenaline modulated sleep and wakefulness by acting on a2- and 
P-adrenoceptors, respectively. 16 It was further supported by the fact that 
microinjection of |3-agonist isoproterenol into medial septal region of basal 
forebrain significantly increased the time spent in wakefulness and a near 
complete suppression of REM sleep. 17 

Microdialysis application of both epinephrine and NE into the caudal part of 
peri-LCa produced a marked decrease in REM sleep. 18 Both epinephrine and 
NE caused a dose dependent inhibition of REM sleep and induction of REM 
sleep without atonia when applied to the caudal part of the peri-LCa. These 
effects were also produced by clonidine, an a2-agonist while a2-antagonists 
were found to block the effect of NE. When co-applied with carbachol into the 
caudal peri-LCa, clonidine completely blocked the marked REM sleep induc¬ 
ing effect of carbachol. 19 Thus, NE agonist and antagonist infused systemically 
or locally into specific regions in the brain in general increased wakefulness, 
reduced sleep and REM sleep, however, to various degrees. One of the com¬ 
plexities in such studies is that sleep and wakefulness stages have been divided 
into multiple sub-stages leading to variations in results. However, the effect on 
REM sleep is relatively more consistent than that on other sleep-waking states 
and also depended on the extent of LC getting affected. As mentioned above 
since the brain receives maximum amount of NE from the neurons located in 
the LC, their behavior and regulation across sleep-waking, which might modu¬ 
late the levels of NE in the brain, would be discussed subsequently with empha¬ 
sis on REM sleep. 

3. Behavior and Modulation of Locus Coeruleus 
Neurons across Sleep-Wakefulness 

Electrolytic lesions of the dorsal noradrenergic bundle that ascends from the 
LC 20 resulted in increased slow wave sleep as well as REM sleep. 21 
Destruction of the ventral part of LC, the LCa and peri-LCa was followed 
by irreversible disappearance of REM sleep atonia. 22 ' 25 Destruction of 
extended area involving LC principal, LCa and peri-LCa suppressed REM 
sleep completely during the two post-lesion months, 26 however, a similar 
destruction of the dorsal part of LC did not suppress the occurrence of REM 
sleep. 27 Carbachol injections in the region of the LC or subcoeruleus induced 
a cataplectic-like behavior. 28 29 ’ 30 Further, reversible inactivation of the LC 
proper, the anterior part of the LC, by localized cooling induced slow wave 
sleep followed by REM sleep. 31 These studies showed that loss of LC neurons 
lead to an increase in both non-REM sleep as well as REM sleep. However, 
the intensity of effects differed which could be due to the extent of damage 
to the LC. Since maximum NE is released from the LC neurons, the results 
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suggested that in normal circumstances NE released from the LC neurons 
might inhibit sleep and REM sleep. 

4. Specificity of NE-Ergic Neurons in LC to REM Sleep 

To confirm the behavior of the LC neurons during sleep-waking states, sin¬ 
gle neuronal activities from freely behaving cats and rats were correlated 
with behavioral as well as electrophysiological correlates of sleep-wakeful¬ 
ness. It was observed that the LC-neurons were active throughout waking as 
well as sleeping except during REM sleep when they ceased firing. 25 ’ 32-34 
Because of such REM sleep related behavior these NE-ergic neurons in the 
LC were termed as REM-OFF neurons. The specificity of these neurons to 
REM sleep was further confirmed by the fact that they continue to be active 
during REM sleep deprivation. 35 Also, these neurons ceased firing during 
carbachol induced REM sleep, however, they behaved similar to sponta¬ 
neous wakefulness if wakefulness was induced by stimulation of the mid¬ 
brain reticular formation. 36 

These results suggest that at least in the brain there would be reduced NE 
release during REM sleep (due to cessation of the REM-OFF neurons) and 
during REM sleep deprivation, due to non-cessation of those neurons, there 
would be increased levels of NE in the brain. Also, the increased levels of NE 
in the brain during REM sleep deprivation might be responsible for at least 
REM sleep deprivation induced changes in the brain and behavior. The pos¬ 
sible mechanism of regulation of the REM-OFF neurons and their role in 
REM sleep related physiological functions would be further discussed. 


5. Modulation of REM-OFF Neuronal Activity 

As mentioned above the LC-neurons cease firing during REM sleep and they 
continue firing during REM sleep deprivation. Based on these observations 
it was hypothesized that cessation of the LC-neurons is possibly a pre-requi¬ 
site for generation of REM sleep. 

To confirm, the neurons in the LC were kept active for extended period 
by bilateral electrical stimulation of the LC with low intensity and low fre¬ 
quency electrical stimulation in freely moving normally behaving rats and 
the effects on sleep-waking were studied. It was observed that there was 
significant reduction in REM sleep during the period of stimulation, how¬ 
ever, during the post-stimulation period there was a rebound increase in 
REM sleep. 37 

The finding was similar to that of instrumental REM sleep deprivation 
where after REM sleep deprivation, during the recovery phase, a rebound 
increase in REM sleep has been reported. 38 The advantage of this study, 
unlike that of lesion study, was that the recovery function of inactivation of 
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the LC could be studied. Although the study suggested that the LC-neurons 
must cease firing for the generation of REM sleep, the mechanism and neu¬ 
rotransmitter involved for such action needed further investigations. 


6. Mechanism of Cessation of Locus Coeruleus Neurons 

In addition to that of the REM-OFF neurons, isolated independent studies 
identified another group of neurons in the brainstem, whose firing rate 
increase during REM sleep. These neurons are presumably cholinergic and 
have been termed as REM-ON neurons. 39 - 40 It was proposed that these REM- 
ON neurons are likely to keep the REM-OFF neurons inhibited during REM 
sleep, 39 - 41 however, the mechanism of inhibition was unknown. 

Since the propositions were based on isolated and independent studies it 
was confirmed by recording both the REM-ON and REM-OFF neurons 
simultaneously in the same animal. It was observed that respective increase 
and decrease in firing rate of these two types of neurons temporally matched 
fairly well supporting the reciprocal inhibition hypothesis, 42 however, the 
mechanism of inhibition still remained to be investigated. 


7. Role of GABA in Inhibiting the REM-OFF 
Neuronal Activity 

Based on reciprocal inhibition models 39 ' 41 acetylcholine released from the 
REM-ON neurons should inhibit the NE-ergic REM-OFF neurons for the 
generation of REM sleep. However, cholinergic agonist, carbachol, was 
found to depolarise and not hyperpolarise the LC neurons. 43 Hence, it is 
unlikely that acetylcholine would inhibit the REM-OFF neurons. Therefore, 
it was hypothesised that the excitatory cholinergic input, presumably from 
the REM-ON neurons, might be converted into an inhibitory signal by an 
intermediate inhibitory neurotransmitter, GABA. 44 Subsequently, it was 
confirmed by double microinjection neuro-microanatomo-pharmaco- 
physio- behavioral studies in freely moving normally behaving rats. 45 In 
short, microinjection of either cholinergic or GABA-ergic agonist into the 
LC increased, while their respective antagonist decreased REM sleep. 
Further, if injection of GABA was preceded by cholinergic antagonist, 
REM sleep was increased, however, if microinjection of cholinergic agonist 
was preceded by that of GABA-ergic antagonist, REM sleep was reduced 
and microinjection of both the antagonists also reduced REM sleep. These 
findings suggested that in the LC cholinergic input is likely to mediate its 
effect through GABA interneurons for the regulation of REM sleep. 4546 
Further studies showed that, in addition to possible local interneurons, the 
LC may receive GABA-ergic inputs from prepositus hypoglossus nucleus in 
the brain stem as well 47 which receives inputs from cholinergic LDT/PPT 
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area, the site of REM-ON neurons. 48 Thus, the studies showed that the NE- 
ergic REM-OFF neurons in the LC are neurochemically controlled by 
GABA-ergic neurons, which in turn are likely to be modulated by the cholin¬ 
ergic REM-ON neurons. 


8. Role of Sleep and Waking Areas in Controlling 
REM-OFF Neuronal Activity 

Normally the REM sleep is expressed after a subject has spent sometime in 
sleep, and it does not follow wakefulness. This suggests that the REM sleep 
generating mechanism is likely to be modulated by the sleep and waking 
areas in the brain. Hence, the influence of sleep and waking areas in the brain 
on REM-ON and REM-OFF neurons was studied. The sleep and waking 
areas in the brainstem and in the basal forebrain were electrophysiologically 
identified in freely moving normally behaving cats. Subsequently, single neu¬ 
ronal activity including REM-ON and REM-OFF neurons as well as elec- 
trophysiological signals characterizing sleep-wakefulness and REM sleep 
were recorded simultaneously in the same animal. Thereafter, those sleep and 
waking areas were stimulated and the influence studied on the pre-identified 
REM-ON and REM-OFF neurons. It was observed that the brainstem wak¬ 
ing area excited the REM-OFF neurons and inhibited the REM-ON neu¬ 
rons. 49 On the other hand, the brainstem hypnogenic area stimulated the 
REM-ON neurons while the hypothalamic hypnogenic area was not very 
effective. 50 

The results of the studies mentioned so far may be summarized as fol¬ 
lows. Normally during wakefulness the brainstem wake active neurons 
directly activate the REM-OFF neurons and inhibit the REM-ON neurons 
directly or indirectly through the activation of the REM-OFF neurons. The 
firing of the REM-OFF neurons keeps releasing NE in the brain. 
Gradually during sleep the wake active neurons reduce firing causing with¬ 
drawal of excitation from the REM-OFF neurons resulting in slowing of 
those neurons. This slowing also withdraws inhibition (disinhibition) from 
the REM-ON neurons. Finally, after certain length of sleep, when possibly 
certain unknown conditions are fulfilled, the brainstem sleep area excites 
the REM-ON neurons, which in turn activate GABA-ergic neurons that 
shut off the REM-OFF neurons by actively inhibiting them to initiate 
REM sleep (Figure 2). Since the REM-OFF neurons cease firing there 
should be reduced NE levels in the brain during spontaneous REM sleep, 
however, if REM sleep is not allowed, REM-OFF neurons do not cease fir¬ 
ing or vice versa. 

Thus, during REM sleep deprivation there is increased levels of NE in the 
brain. Increased NE in the brain may also be supported by the fact that after 
REM sleep deprivation there is increased tyrosine hydroxylase activity 51 and 
decreased monoamine oxidase A activity. 52 
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Figure 2. Based on the findings from isolated studies, as represented by the reference 
numbers in parenthesis, the connections between neurons for the regulation of REM 
sleep have been schematically shown in this figure. Abb: GABA - gamma amino 
butyric acid, LC - locus coeruleus, LDT/PPT - laterodorsal tegmentum/pedunculo- 
pontine tegmentum, REM-OFF - REM-OFF neurons, REM-ON,-REM ON neu¬ 
rons, (+) - excitation, (-) - inhibition. 


Also, there is increased level of NE, 53 and increased synthesis of tyrosine 
hydroxylase-mRNA 54 as well as tyrosine hydroxylase enzyme within the NE- 
ergic neurons 55 after REM sleep deprivation. 

9. Increased Norepinephrine might be Responsible 
for REM Sleep Deprivation-Induced Changes in 
Altered Functions 

It has been shown above that after REM sleep deprivation there is likely to 
be an increase in the levels of NE in the brain. On the other hand, REM sleep 
deprivation is known to affect several physiological functions. It is therefore 
possible, that REM sleep deprivation induced alterations in functions could 
be due to increased levels of NE in the brain. 

One of the ways to confirm the same would be to study if the action of NE 
per se or the mechanism responsible for the increase in NE after REM sleep 
deprivation could be prevented, the effects of REM sleep deprivation should 
be minimized or abolished and application of NE would further enhance the 
effect(s). These would be discussed with the help of a few examples. 
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9.1. Sleep Deprivation-Associated Increase 

in Na + -K + ATPase Activity and Role of NE 

It has been reported that REM sleep deprivation increases Na + -K + ATPase 
activity in the rat brain. 56 This effect was mediated by increased NE because 
it could be prevented by a 1-adrenoceptor blocker, prazosin, both in vivo as 
well as in vitro. 51 

Also, it was shown that the increase in NE after REM sleep loss was likely 
due to non-cessation of the LC-REM-OFF neurons because if the GABA in 
the LC was prevented to act by continuous microinfusion of GABA a recep¬ 
tor antagonist, picrotoxin, there was significant reduction in REM sleep 
associated with simultaneous increase in Na + -K + ATPase activity in the brain, 
an effect similar to that of instrumental REM sleep loss. 58 

This REM sleep deprivation induced increase in Na + -K + ATPase activity 
was due to withdrawal of uncompetitive inhibition 59 suggesting that there 
was both allosteric stimulation as well as increased number of molecules of 
the enzyme after REM sleep deprivation. The former is likely to be due to 
withdrawl of calcium mediated 60 inhibition of enzyme activity while the lat¬ 
ter due to increased synthesis of the enzyme molecules. 61 

9.2. REM Sleep Deprivation and Brain Excitability 

REM sleep deprivation is known to increase excitability, confusion, irritabil¬ 
ity, aggressiveness. 62 63 It is also known that Na + -K + ATPase plays a significant 
role in maintenance of neuronal and brain excitability. 64 

Since REM sleep deprivation increases NE and that is the cause of REM 
sleep deprivation induced increase in Na + -K + ATPase activity, it is likely that 
increased NE would be the cause or at least an important factor for the REM 
sleep deprivation induced increase in brain excitability. 

Therefore, we proposed that one of the functions of REM sleep is to main¬ 
tain brain excitability. 46 65 As a corollary, it may be said that, the alterations 
in the brain excitability would lead to REM sleep deprivation induced 
changes in behavior and diseased conditions (Figure 3). 

9.3. REM Sleep Deprivation and Regulation 
of Body Temperature 

Independent and isolated studies have reported that the body temperature 
(Tb) falls during sleep and it fluctuates during REM sleep. 66 67 However, dur¬ 
ing REM sleep deprivation there is a fall in Tb although there is increase in 
food intake. 67 68 Both these phenomena could be due to REM sleep depriva¬ 
tion induced increased levels of NE in the brain. 

The preoptico-anetrior hypothalamic area (POAH) possesses the ther¬ 
mosensitive neurons and is the primary site responsible for thermoregula¬ 
tion. 69 ’ 70 There are evidences from isolated independent studies that 
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Figure 3. Schematic representation showing increase in norepinephrine in the brain 
after REM sleep deprivation and its effect in precipitating such deprivation induced 
effects. 


aminergic, 71/72 cholinergic 73 ’ 77 as well as GABA-ergic 78 ’ 79 modulation of the 
POAH area neurons alter sleep-waking responses as well as thermoregula¬ 
tion. Heat exposure in different mammalian species has been reported to 
cause an increased concentration of NE in the POAH. 80 ' 83 On the other 
hand, it has been observed that after 24 hours of cold exposure, there 
was significant decrease in the levels of NE in the paraventricular nuclei 
of the hypothalamus, although the contents of other monoamines were 
not altered. 84 Electrical stimulation of A1 region increased the NE and 
GABA level in the medial POAH. 85 Local microinjection of agonist and 
antagonist of NE individually and in combination showed that in the 
medial POAH NE modulates Tb by acting on a 1-adrenoceptors and causes 
hypothermia. 16 It has further been confirmed that the thermosensitive neu¬ 
rons in the medial POAH possess a 1-adrenoceptors. 86 Thus, it is likely that 
increased NE during REM sleep deprivation act on the a 1-adrenoceptors 
located on the thermosensitive neurons in the POAH and induces hypother¬ 
mia (Figure 3). 

9.4. REM Sleep Deprivation and Food Intake 

REM sleep deprivation has been reported to cause increased food intake 67 ’ 68 
associated with a decrease in Tb as mentioned above. On the other hand NE 
in the hypothalamus has also been shown to increase food intake. 87 88 Thus, 
it is possible that the increased levels of NE in the brain after REM sleep 
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deprivation might be the likely cause for REM sleep deprivation associated 
increased food consumption (Figure 3). 


10. Conclusions 

The LC possesses NE-ergic REM-OFF neurons and they are inhibited, pos¬ 
sibly by GABA, during spontaneous REM sleep. These neurons continue fir¬ 
ing during REM sleep deprivation. Also, if these neurons are kept active by 
electrical stimulation or by preventing the GABA to act on them, REM 
sleep is significantly reduced and some effects similar to instrumental 
REM sleep deprivation are expressed, however, adrenoceptor antagonist 
could prevent such effects. Continuous activation (without periodic cessa¬ 
tion) of these neurons would cause increased levels of NE in the brain. This 
elevated level of NE in the brain is the primary or at least a very important 
factor for REM sleep deprivation associated alteration in several functions 
including brain excitability, thermoregulation and food intake. Therefore, any 
factor, (external or from within) which would not allow the neurons in the LC 
(especially the REM-OFF neurons) to cease firing, would cause loss of REM 
sleep and associated increase in NE in the brain. The increased levels of NE 
in the brain would increase food intake, reduce body temperature and 
increase Na + -K + ATPase activity. The increase in the Na + -K + ATPase activity 
in turn would affect neuronal excitability leading to REM sleep deprivation 
associated disorders. It may also be proposed that effects of loss of REM 
sleep through life possibly get gradually accumulated and get expressed as 
various diseases in the later phase of life. It is also possible that accumulation 
of such factor(s) due to REM sleep deprivation or, induced changes thereof, 
may predispose a person to altered physiological states e.g., increased blood 
pressure, heart attack, Alzheimer’s disease, etc. Thus, REM sleep deprivation 
may have a direct, indirect, cumulative as well as compounding effect(s) on 
physiological functions. 
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Neuroendocrine Outcomes of Sleep 
Deprivation in Humans and Animals 

Deborah Suchecki and Sergio Tufik 

1. Abstract 

Hormones can modulate and be modulated by sleep. This close relationship 
has been recognised for many decades. Sleep deprivation is an adverse condi¬ 
tion that can alter the functioning of the neuroendocrine system, inasmuch as 
concentrations of hormones involved in anabolic processes, such as growth 
hormone (GH) ¥ are reduced, whilst levels of hormones involved in anabolic 
processes, such as glucocorticoids (GC) are increased. Therefore, prolonged 
periods of sleep deprivation, either internally or externally imposed, may lead 
to a wear and tear phenomenon, much similar to prolonged stressful condi¬ 
tions. In human beings, the vicious circle composed by sleep deprivation, stress 
and obesity has been claimed to be a major contributor to type II diabetes, car¬ 
diovascular diseases and ultimately, death. 


2. Introduction 

The important relationship between hormones and sleep has been well docu¬ 
mented throughout the past decades. 1 ’ 2 3 This is a bidirectional relationship, 
for not only do hormones modulate sleep, but their secretion is also altered 
by different states of the sleep-wake cycle. The reader will have the opportu¬ 
nity to appreciate these relationships in several chapters of the present book. 

Throughout this chapter the reader will get in contact with different human 
conditions that ultimately lead to chronic sleep deprivation and their repercus¬ 
sion on neuroendocrinology. In line with modern society, which has stimulated 
the round-the-clock activities, this chapter will also call the attention to the 
neuroendocrine consequences of shift-work and voluntary sleep curtailment. 


¥ Abbreviations used in this chapter: ACTH: adrenocorticotropic hormone; ADR: 
adrenaline; Arc. N.: arcuate nucleus; AVP: arginin vasopressin; CRH: corticotropin¬ 
releasing factor; CSF: cerebrospinal fluid; GC: glucocorticoid; GH: growth hormone; 
GHRH: GH-releasing hormone; HPA: hypothalamus-pituitary-adrenal; LHA: lateral 
hypothalamic area; MMPM: modified multiple platform method; mRNA: messenger 
RNA; OT: oxytocin; PVN: paraventricular nucleus; REM: rapid eye movements; 
TSH: thyrotropin-stimulating hormone. 
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And finally, animal models of prolonged sleep deprivation will show how dele¬ 
terious this condition can be on hormones, stress response and metabolism. 

The main purpose of the first and, in many ways, of the subsequent stud¬ 
ies with sleep deprivation was to determine the function of sleep. Despite the 
numerous known consequences of sleep loss, its functions still remain a mys¬ 
tery. And this is probably so because sleep is involved in many functions. 

Currently, many groups are interested in determining the outcomes of 
sleep loss, for good reasons. First, because the general population appears to 
be sleep-deprived, or at least, people are sleeping less than needed, 4 5 and this, 
of course, will have neurobehavioural, endocrine and metabolic conse¬ 
quences that deserve attention. 6 7 Second, because sleep deprivation or sleep 
loss is a common feature of many sleep pathologies, including sleep apnoea 
and insomnia, to mention but a few of these pathologies. The reader will have 
the opportunity to find the deleterious neuroendocrine consequences of these 
pathologies throughout this book. 

The importance of sleep in general and of REIVF sleep in particular, both 
in humans and in animals can be attested by its suppression. Studies of total 
or REM sleep deprivation show two major results. First, there is a continu¬ 
ous increase on the number of interventions to prevent the subject from 
entering sleep. In humans, for instance, is almost impossible to continue the 
experiment after five days of REM sleep deprivation, because the subject ini¬ 
tiates sleep in REM. 8 Morden and co-workers 9 reported similar results in 
rats. From the first to the third days of REM sleep deprivation, the number 
of interventions raised from 134 to 350. After the third day of deprivation 
slow wave sleep was also interrupted. 9 Thus, the sleep pressure is so strongly 
built that it is impossible to prevent sleep from occurring. 

The second consequence is known as sleep rebound , and is a compensation 
for the sleep that was lost during sleep deprivation or sleep restriction. The 
net result is that the individual or the rat will spend more time sleeping on the 
recovery night than on the baseline night. In addition, the latency to sleep is 
also shortened, indicating that a certain amount of sleep is necessary and any 
loss must be corrected. 915 


2.1. Methods to Induce Sleep Deprivation 
in Human Beings 

The sleep of young adult humans is monophasic. The average sleep time is 7 
to 8 h per night and during this period there is an alternating pattern among 
the different sleep stages. Let us say that an individual goes to bed at 23:00 h 


t The term REM sleep is not the most adequate for rats; we prefer to use paradoxi¬ 
cal sleep instead. However, for the purpose of standardization, REM sleep will be 
used as a synonym of paradoxical sleep throughout this chapter. 
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and wakes up at 7:00 h. If we record this individual’s sleep, we will see a pre¬ 
dominance of delta sleep during the first and a predominance of REM sleep 
during the second half of the night. 16 Rats, which are polyphasic and noc¬ 
turnal animals, sleep predominantly during the day and are predominantly 
awake during the night. 

But is still possible to see that both high amplitude slow wave sleep (that 
corresponds to delta sleep) and REM sleep are more concentrated in the 
period between 10:00 h and 13:00 h (Figure 1). Therefore, if we want to 
deprive a human being of REM sleep, we have to maintain the volunteer or 
patient awake from approximately 3:00 h to 7:00 h. If we want to be even 
more specific, it is possible to record the volunteer’s sleep and wake him/her 
up every time there is a REM onset. 

Some studies simply use total sleep deprivation and the volunteers are 
maintained awake for the entire night and subsequent day or for the entire 
experimental period, being allowed to sleep only on the following night. 

Currently, a new approach to investigate the neuroendocrine and neu- 
robehavioural outcomes of sleep loss utilises a paradigm of sleep debt. This 
paradigm is based on the evidence that population of industrialised coun¬ 
tries engage in voluntary sleep curtailment. Despite all the technological 
amenities, the population sleeps approximately 90 minutes less than it did 
in the beginning of the XX century, leading to a condition of chronic sleep 
deprivation. 4 In this paradigm, healthy young men are allowed to sleep for 
4 h per night, for one week. The sleep window ranges from 01:00 h to 5:00 
h. On the following week, the volunteers are allowed to stay in bed for 12 h 
per night, so they can compensate for the sleep loss and the compar¬ 
isons are made between these two opposite periods, sleep debt and sleep 
extension. 

2.2. Methods to Induce REM Sleep Deprivation in Rats 

There are several manners by which REM sleep can be suppressed. These 
approaches may employ drugs that stimulate the noradrenergic or serotoner¬ 
gic systems, or drugs that block the cholinergic system. 1718 Lesions of nuclei 
involved in sleep generation or stimulation of nuclei involved in waking 
maintenance are also valid approaches to suppress sleep. 19 ' 21 The focus of this 
chapter, however, will be the neuroendocrine effects of instrumental tech¬ 
niques developed to produce REM sleep deprivation. 




Figure 1. Typical sleep architecture of a rat throughout a 24h period. 
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2.2.1. The Disk-Over-Water Method 

Dr. Allan Rechtschaffen in Chicago developed this technique in 1983. In 
this method the animals are connected to a polygraph that detects sleep 
onset and REM sleep onset. Depending on the purpose of the study, 
whether total or REM sleep deprivation, a computer connected to both 
polygraph and the disk-over-water, triggers the disk when the animal initi¬ 
ates sleep or REM sleep, so that the disk rotates and the animal is forced to 
walk in order to avoid falling in the water pan, located immediately below 
the disk. 

The ‘so-called’ control or yoked rat is placed on the same disk as the sleep 
deprived rat and is wakened every time the disk rotates. 27 This method has 
generated numerous interesting data about changes in the physiology of 
sleep-deprived rats. Many of these findings will be discussed in the following 
sessions. 

2.2.2. The Single Platform Method 

In 1964, Jouvet and colleagues elaborated the very first method of REM 
sleep deprivation. The method, though very simple, was an ingenious 
one, because it was based on a very unique characteristic of REM sleep: 
the muscle atonia. With this concept in mind, the researchers placed a cat on 
top of an inverted flower-pot, immersed in water. Every time the cat entered 
REM sleep, it lost its muscle tone and balance, falling in the water. 22 In 1965, 
Cohen and Dement 23 adapted this method for rats, using a platform of 6.5 
cm in diameter (Figure 2). Sleep recording of the animals during this proce¬ 
dure certified that REM sleep was completely suppressed and that it pro¬ 
duced a major sleep rebound during the recovery period. 915 ’ 22 ’ 24 



Figure 2. Photo of the inverted flower-pot technique, in which one rat is individually 
placed onto a platform deepened in water until 1 cm of the upper surface. With the 
onset of REM sleep, the rat loses its muscle tone and wakes up when it touches the 
water. 
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2.2.3. The Multiple Platform Method 

The principle of this method is the same as the previous one, except that in 
the multiple platform method, the animals are allowed to move among sev¬ 
eral platforms. 25 

2.2.4. The Modified Multiple Platform Method 

Rats are social animals that establish social hierarchy in the home-cage. We 
thought, therefore, that we could use a method to deprived 10 rats, raised 
together since puberty, using a large tiled water-tank (145.0 cm long x 44.0 
cm wide x 45.0 cm high). Inside this water-tank we put 14 platforms, so the 
rats can move from one platform to the other 26 (Figure 3). This method has 
the advantage of preventing social isolation and movement restriction, two 
additional intervening variables that are present in the single platform 
method. 



Figure 3. Upper panel: rats raised as a large group and placed together on narrow 
platform of 6.5 cm immersed in water. Lower panel: the proposed control group, 
placed onto a grid, located on the floor of the water-tank, also filled with water. 
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3. Effects on Physiological Systems 

3.1. Body Temperature 

Short-term (four days) REM sleep deprivation by the single platform method 
results in hyperthermia. 28 29 This increase seems to be partially mediated by 
prostaglandins, since inhibitors of prostaglandin synthesis reverses sleep 
deprivation-induced hyperthermia. 30 However, as REM sleep deprivation pro¬ 
gresses, the rats become hypothermic. 31 Total sleep deprivation, on the other 
hand, leads to sustained hyperthermia. 32 These differential effects of REM 
sleep or total sleep deprivation on body temperature led to the question of 
whether the increased energy requirement is a consequence of the excessive 
heat loss or a change in the set-point of the central thermostat. To answer this 
question, rats were exposed to an alley with a thermal gradient, varying from 
0° to 60°C. Control rats sleep at the ambient temperature (T a ) corresponding to 
the rat’s thermoneutral body temperature (T b ), i.e., 28° to 29°C. Rats deprived 
of total sleep, however, choose to sleep at a T a of approximately 45°C, even 
though they are hyperthermic, suggesting that total sleep deprivation results in 
loss of the thermostat set-point. 32 On the other hand, REM sleep deprived rats 
also choose high T a to sleep, which is not a surprise since they are hypothermic, 
suggesting that REM sleep deprivation results in loss of T b maintenance. 31 

3.2. Metabolism and Energy Expenditure 

Some of the studies that explore the metabolic effects of prolonged sleep dep¬ 
rivation in human beings involve extreme situations, such as military training 
with sleep and food deprivation, 33 or measurement of metabolic rate in the 
cold after sleep deprivation, 34 etc. A recent study evaluated the effect of 88 h 
of sleep deprivation on the levels of plasma leptin of volunteers maintained 
in laboratory conditions. 

Leptin is an adipocyte-derived hormone that signals energy stored in adi¬ 
pose tissue and is involved in the regulation of feeding. Minimum levels are 
observed during the day, and a rise of leptin concentrations occur during 
early to mid sleep. Prolonged sleep deprivation results in a sustained reduc¬ 
tion of the amplitude of leptin secretion, with smaller peaks, but no appar¬ 
ent change in the nadir. This change in leptin secretion may be a consequence 
of the increased activity of the adrenocortical axis and the sympathetic nerv¬ 
ous system, which also influence the secretion of insulin. 35 

Many studies evaluate the metabolic outcomes in cases of sleep fragmen¬ 
tation, such as sleep apnoea and insomnia, or in sleep restriction paradigms. 
Insomnia patients, for instance, show increased metabolic rate both during 
the day as during the night, reflected by augmented maximum oxygen con¬ 
sume. 36 Likewise, sleep apnoea results in increased energy expenditure during 
the night, together with autonomic hyperactivity, reflected by elevated levels 
of urinary noradrenaline. 37 38 
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Despite the chronic sleep fragmentation that sleep apnoea patients 
undergo, they present high leptin levels that correlate positively to the sever¬ 
ity of the pathology. Still, sleep apnoea patients are often obese, and obesity 
too is positively correlated with apnoea severity. 39 

Studies using the sleep restriction paradigm in humans have shown that 
healthy young volunteers exhibit reduced glucose tolerance and a glucose 
clearance 40% slower than during the recovery period. In addition, the acute 
insulin response to a glucose load is 30% lower during the sleep restriction 
than during the sleep extension period. 7 

Thyrotropin-stimulating hormone (TSH) follows a circadian rhythm with 
low levels during the day and a quick increase of plasma concentrations in 
the beginning of the night, reaching a peak during sleep onset. TSH ampli¬ 
tude is virtually doubled during sleep deprivation, with increased secretion 
until the middle of the night followed by spontaneous reduction to basal lev¬ 
els early in the morning. 40 Peak TSH concentration coincides with the hyper¬ 
somnolence reported by healthy volunteers subjected to 43 h of sleep 
deprivation. 41 

In rats, one of the most replicable effects of sleep deprivation is the hyper- 
phagia concomitant to body weight loss. This phenomenon is observed with 
any kind of instrumental method used to induce sleep deprivation. 13 42 ' 45 In 
general, there is a 3.5 to 9% loss of body weight, 13 45 46 reflecting the increased 
metabolic rate and energy expenditure that take place during this manipula¬ 
tion. When deprived rats are close to death, they show intense hypothermia 
and energy expenditure 2 to 3 times higher than baseline. 47 48 

What is interesting about this increased metabolic rate induced by sleep 
deprivation is that it cannot be reversed by either a supply of fat-rich diet 49 
or by a 5% sucrose solution. 45 In addition, a fat-rich diet does not result in 
increased cholesterol, tryglicerides or glucose plasma levels, indicating accel¬ 
erated turnover of nutrients. 49 

Recently, a study reported that prolonged sleep deprivation (15 days or 
more) results in approximately 50% lower levels of leptin compared to 
home-cage controls. These sleep-deprived animals eat more, but showed 
body weight loss. 50 Low leptin levels are probable sign of reduced adipose 
tissue. In fact, studies from our laboratory showed that 4 days of sleep dep¬ 
rivation by the flower-pot technique results in a significant loss of fat tissue, 
without changes in protein and water muscle content (Luz, unpublished 
data). 

There is a close relationship between food intake and the sleep-wake cycle. 
In rats, for instance, fasting increases waking and reduces both slow wave 
sleep and REM sleep, 51 whereas sleep deprivation increases food intake. A 
new family of neuropeptides, the orexins, was described recently, which are 
concomitantly involved in feeding and waking. 52 

The levels of orexin in the cerebrospinal fluid are elevated after sleep dep¬ 
rivation in dogs 53 and rats, 54 suggesting that elevated levels of orexin serve as 
an adaptive process to forced waking. 
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Recently, however, several studies have indicated that orexin may, in fact, be 
related to activity, rather than wakefulness, since c-fos immunoreactivity was 
observed in cats during active, but not quiet waking 55 and during carbachol- 
induced REM sleep, when motor systems are activated and cats show eye 
movements and muscle twitches. 56 

In agreement with this idea, a recent paper showed that the orexin concen¬ 
tration in the CSF of rats is increased by 30 min of forced swimming, or by 
30 min of sleep deprivation by gentle handling, but is reduced by 8h of immo¬ 
bilization. 57 Figure 4 illustrates a proposed mechanism for sleep deprivation- 
induced hyperphagia and body weight loss in rats. 


3.3. Hormones 

3.3.1. The Gonadal Axis 

Prolonged sleep deprivation in rats results in augmented sexual activity. This 
behavioural effect seems to be in contradiction to the fact that stress, in general, 



Figure 4. A model proposed to explain the mechanism by which sleep deprivation 
induces hyperphagia and body weight loss in rats. Orexins, which are involved in both 
feeding and sleep, are negatively regulated by leptin. 52 Sleep deprivation induces loss of 
fat tissue, possibly by activating the HPA axis, thus reducing the leptin signal on the lat¬ 
eral hypothalamic area (LHA). Full lines: stimulation (+); dashed lines: inhibition (-). 
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inhibits the hypothalamic-pituitary-gonadal axis. Thus, CRH, GC and p- 
endorphin inhibit gonadotropin-releasing hormone and, consequently, 
luteinizing and follicle stimulating hormones and testosterone. 58 

In fact, four days of REM sleep deprivation in rats culminate in low lev¬ 
els of testosterone, estrone and estradiol, but high levels of progesterone 
and corticosterone. 59 ’ 60 Similar hormonal alterations are also observed 
when animals are submitted to footshock, indicating that particular types 
of stress produce a deviation of the regular synthesis of sexual hor¬ 
mones. 60 

Despite the lowered levels of testosterone in sleep-deprived male rats, there 
is a marked increase in genital reflexes, indicated by penile erection and ejac¬ 
ulation, both in young and aged rats. 6162 Castrated REM sleep-deprived rats 
treated with progesterone, but not with testosterone, display more genital 
reflexes than vehicle-treated rats. 63 

To restore male sexual behaviour that includes mounting, intromission and 
ejaculation in REM sleep-deprived rats, testosterone is essential. 64 Thus, it 
seems that progesterone is essential to initiate genital reflexes, whereas testos¬ 
terone is vital to produce the full range of male reproductive behaviour. 


3.3.2. The Somatotropic Axis 

Secretion of GH is tightly linked to sleep. This phenomenon has been recog¬ 
nized for more than 30 years in human beings, 65 66 but it also occurs in many 
other species including primates, dogs, lambs 1 and rats. 67 

One of the pieces of strongest evidence for the close relationship between 
sleep onset and GH peak is the suppression of GH secretion during one night 
of sleep deprivation and the occurrence of a peak when subjects are allowed 
to sleep during the subsequent afternoon. 1 

The conclusion is that regardless of the time of day, the major GH pulse will 
take place after sleep onset, when sleep stages 3 and 4 (delta sleep) are pre¬ 
dominant, indicating that GH secretion is driven more strongly by sleep than 
by circadian rhythm. Nonetheless, there is some influence of circadian rhythm 
on GH secretion, since GHRH induced GH secretion is more intense in the 
early night, coinciding with the nadir of somatostatinergic tone. 1 

GH secretion is suppressed by awakenings. This inhibition is seen even fol¬ 
lowing the administration of growth hormone releasing hormone (GHRH) 
and it seems to be mediated by increased secretion of somatostatin, which is 
stimulated by corticotropin-releasing factor (CRH). 68 CRH triggers a cas¬ 
cade of neuroendocrine events in response to adverse situations (see next ses¬ 
sion) and it also inhibits GHRH. 69 

Brandenberg and co-workers 70 reported that during a regular night of 
sleep, the GH pulse that occurs after sleep onset accounts for 58% of the 
24-h levels of the hormone. However, the distribution of GH pulses in 24-h 
sleep deprived subjects follows a much different pattern so that larger pulses 
are released during the day; the net result is that the total amount of GH 
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secreted in 24-h sleep deprived individuals is not different from that of vol¬ 
unteers allowed to sleep. 

A different picture emerges from the sleep debt condition, where volunteers 
sleep from 01:00 to 05:00 a.m., i.e., there sleep is delayed by 2h and awaking 
is advanced by 2 h. In this case two GH pulses are observed, one that takes 
place at the usual bedtime, 2 h before sleep onset, whereas the second pulse 
occurs immediately after sleep onset. Thus, one can see a pulse of GH even 
in the absence of sleep, at a time of strongest inhibition of somatostatin. 71 
Despite these two pulses, the percentage of GH released throughout 24 h is 
smaller in the period of sleep debt than in the sleep extension, regardless of 
the impressive rebound of delta sleep and of delta activity that occurs during 
the short sleep period. 71 

Other examples of pathologies that result in sleep deprivation, such as 
sleep apnoea, support the influence of inadequate sleep on GH secretion. 
For instance, nocturnal GH secretion is inhibited in sleep apnoea patients. 
This inhibition is corrected by treating these patients with continuous pos¬ 
itive airway pressure, resulting in two peaks of GH together with an 
impressive rebound of delta and REM sleep (124% and 253%, respec¬ 
tively). 7273 

In rats, the relationship between GH secretion and sleep is similar to that 
described for humans, even though rats are polyphasic animals with very 
short sleep cycles. In these animals the ultradian GH rhythm is associated 
with the ultradian rhythm of sleep-wake cycle, and a temporal relationship 
between corticosterone, GH and sleep is established. 67 GH secretion is regu¬ 
lated positively by GHRH and negatively by somatostatin. GHRH adminis¬ 
tered in the evening increases REM sleep in intact, but not in 
hypophysectomised rats, whereas it increases slow wave sleep in both intact 
and hypophysectomised rats, indicating a circadian influence on the soma¬ 
totropic axis similar to that described in humans. 74 

In fact, GHRH and somatostatin hypothalamic contents follow a well- 
determined circadian rhythm, with one peak for both neuropeptides occur¬ 
ring about 2h after lights on (at 10:00h), and a second major peak between 
18:00h and 20:00 h for GHRH and at 22:00 h for somatostatin. 

The nadirs occur at the end of lights off (at 8:00h) for both hormones and 
at 13:00h and 16:00h for GHRH and somatostatin, respectively. 75 A signifi¬ 
cant reduction of hypothalamic GHRH is observed after 8 h of sleep depri¬ 
vation. One or two hours of sleep recovery are still not sufficient to regain 
basal levels of hypothalamic GHRH. In contrast, somatostatin levels only 
show a trend to increase with 4h and 8h of sleep deprivation. 75 

Investigation of the effects of short- and long-term sleep deprivation on 
GHRH and somatostatin mRNA levels in the hypothalamus show that short¬ 
term sleep deprivation (8h and 12 h) induces increased GHRH mRNA levels, 
which are normalised by 2 h of sleep recovery. Somatostatin mRNA levels, on 
the contrary are reduced by 8 h of sleep deprivation, and lh of sleep recovery 
is sufficient to return levels to basal. 76 
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In distinct parts of the hypothalamus, the arcuate (Arc. N.) and the par¬ 
aventricular nuclei (PVN), long-term sleep deprivation results in different 
alterations on mRNA levels. Using a multiple flower-pot method, Toppila 
and co-workers 77 showed that 24 h of REM sleep deprivation led to increased 
mRNA levels of somatostatin in the Arc. N. and that these levels were aug¬ 
mented in the PVN only after 72 h of REM sleep deprivation. 

This increase may reflect the augmented REM sleep pressure observed in 
REM sleep deprived rats, since somatostatin has been implicated as a REM 
sleep inductor, both in young 78 and aged rats. 79 GHRH mRNA levels are aug¬ 
mented in the PVN by 6h of sleep deprivation 80 and reduced in both Arc. N. 
and PVN after 24 h or 72 h of REM sleep deprivation. 

It is possible then that increased GHRH hypothalamic levels 76 ’ 80 regulate 
the slow wave sleep rebound observed after short-term sleep deprivation. The 
reduction of GHRH mRNA levels in the PVN of long-term REM sleep 
deprived rats, may, in turn, be a consequence of the increased levels of 
somatostatin mRNA in these conditions. 80 


3.3.2. The HPA Axis and Stress Response 

Before reporting the effects of sleep deprivation on the hypothalamic-pitu- 
itary-adrenal (HPA) axis, an explanation of how this axis is regulated and 
how it is related to wake and sleep is in order. 

The HPA axis is the main neuroendocrine transducer of the stress response. 
As show in Figure 5, the axis works in a concerted, coordinated manner, in 
which a cascade of events involving the paraventricular nucleus of the hypo¬ 
thalamus (PVN), the adenohypophysis and the adrenal cortex takes place, ulti¬ 
mately resulting in the secretion of glucocorticoids (GC). The activity of the 
HPA axis is governed by both stress and/or circadian rhythm, with the nadir 
occurring before the resting period and the peak, right before the active period. 81 

Corticotropin-releasing hormone (CRH) is synthesised in the parvocellular 
region of the paraventricular nucleus (PVN), whereas vasopressina (AVP) and 
oxytocin (OT) are synthesised in magnocellular region of the PVN and in the 
supraoptic nucleus of the hypothalamus. 82 These neuropeptides are stored in 
the pituitary stalk, a region that connects the hypothalamus to the pituitary, 
more specifically in the external zone of the median eminence. In response to 
numerous stimuli, these neuropeptides are released into the hypophyseal por¬ 
tal blood circulation and reach the corticotropes in the adenohypophysis 83 , 
stimulating the secretion of adrenocorticotropin hormone (ACTH) into the 
systemic circulation. ACTH, in turn, stimulates the synthesis and secretion of 
GC (the main GC in human beings is cortisol, and in rats is corticosterone). 

Regulation of the HPA axis activity is accomplished by GC, which by act¬ 
ing at specific receptors, type I and, mainly, type II receptors, feeds back in the 
pre-frontal cortex, hippocampus, hypothalamus and pituitary to shut down 
the system. 81 Numerous studies have shown that type I-related GC action is 
involved with control of circadian changes, whilst GC actions mediated by 
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Figure 5. Schematic representation of the endocrine, behavioural, autonomic and 
immune responses to stress, mediated by CRH. In this figure, both activation (+) and 
inactivation (-) of the HPA axis are represented. Inactivation or glucocorticoid nega¬ 
tive feedback is mainly accomplished by glucocorticoid receptors (GR), located in the 
pre-frontal cortex, hippocampus, hypothalamus and pituitary (adapted from 88 ). 


type II receptors involve the restoration of homeostatic disruptions that result 
from exposure to stressful stimuli. 81 ’ 84 85 These receptors work in a coordinated 
fashion to control behavioural and neuroendocrinological states. 86 

The profile of ACTH and cortisol secretion during a normal night of sleep 
in human beings show lowest levels of the hormones during the first half of 
the night, when delta sleep predominates. 

During the second part of the night, when delta sleep is almost suppressed 
and REM sleep predominates, ACTH and cortisol begin to rise reaching the 
highest levels before morning awakening. 2 

Empirically is not difficult to realize that hormones of the HPA axis are 
related to wakefulness 87 because nobody feels asleep during a stressful situa¬ 
tion. Quite the contrary, humans and animals are alert and fully attentive 
toward the stressful stimulus, ready to fight or fly. This is typical behavioural 
response to stress, being mediated by CRH, ACTH, cortisol and adrenaline. 88 

Pathological conditions characterised by hypercortisolemia (classical 
examples are melancholic and psychotic depression, and Cushing’s syn¬ 
drome) lead to sleep alterations, which include higher percentage of wakeful¬ 
ness and stage 1 of sleep, short REM sleep latency 89 and increased REM 
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density. 90 Interestingly, healthy subjects whose first degree relatives were diag¬ 
nosed with major or bipolar depression, exhibit a hyperactive HPA axis, 
shorter slow wave sleep during the first non-REM cycle and higher REM 
density in the first REM period. 91 Similar alterations were also reported in 
animal models of depression, in which rats were stressed in the prenatal 
period and exhibited an impaired corticosterone negative feedback mecha¬ 
nism, increased sleep fragmentation and percentage of superficial slow wave 
sleep, and shorter REM sleep latency. 92 

Sleep deprivation activates the HPA axis, both in human beings and rats. 
This alteration in humans is observed in pathological conditions such as 
insomnia, 93 or in experimental protocols with healthy volunteers. 94 

Insomnia patients present higher levels of ACTH than healthy volunteers 
almost throughout the whole day and night, whereas cortisol levels are higher 
in the period when activity of the HPA axis should be low, i.e., approximately 
from 20:00 h to 01:30 h. Not surprisingly, these patients exhibit poor quality 
of sleep, reflected by longer sleep latency, longer waking time and smaller 
sleep efficiency. 93 This shows clearly the opposite relationship between sleep 
and activity of the HPA axis, but does not resolve the question of causality 
regarding whether hyperactivity of the HPA axis leads to insomnia or the 
other way around. 

In healthy volunteers, several protocols were used to investigate the dynam¬ 
ics of cortisol release during sleep compared to lack or fragmentation of 
sleep. Apparently, both conditions activate the adrenocortical axis. When 
healthy volunteers are awakened from the second REM sleep period on or 
aroused every time they enter sleep stages 1 or 2, ACTH and cortisol levels 
are immediately increased. This increase did not persist throughout the night, 
indicating that feedback mechanism within the HPA axis is functional even 
with frequent arousals. 94 During a daytime period of sleep, following one 
night of sleep deprivation, cortisol levels are as high as they should be for 
the period, even if the volunteers also slept during nightime strengthening the 
circadian influence, rather than the influence of sleep, on the activity of the 
adrenocortical axis. Moreover, during 4 h of sleep deprivation, cortisol levels 
were nearly 60% higher than at the same period of night sleep. The pulse-by- 
pulse analysis of cortisol release showed that 91% of delta sleep bouts 
occurred when cortisol secretory rate was low, whilst 88% of arousals were 
associated with increased cortisol secretory rate. Therefore, reduction of cor¬ 
tisol levels facilitates the occurrence of delta sleep. 95 

Total (24 h) or partial (4 h) sleep deprivation leads to increased levels of cor¬ 
tisol (45% and 37%, respectively) during the quiescent period of the HPA axis 
activity, i.e., from 18:00 h to 23:00 h, resulting in prolonged elevation of cor¬ 
tisol levels, suggesting that sleep loss may impair the feedback mechanism that 
regulates HPA activity. 96 However, not all studies report a 24 h sleep depriva¬ 
tion-induced change in cortisol levels. At least one study showed that 24 h 
average cortisol levels following a similar period of sleep deprivation is lower 
than the levels measured before sleep deprivation. These results, in fact are in 
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agreement with the rebound of delta sleep observed in the post-sleep depriva¬ 
tion night and could be a feasible explanation for the antidepressant effect of 
sleep deprivation. 97 Methodological differences between these studies are the 
likely explanations for the divergent results reported. 

Prolonged sleep debt in humans also result in increased plasma levels of 
cortisol, mainly during the quiescent period, i.e., late afternoon to early 
night. Similar elevations were observed in free salivary cortisol levels. 7 
Throughout an 8-day sleep restriction protocol or a 48-h sleep deprivation 
in rats, both ACTH and corticosterone plasma levels are increased. 
Nevertheless, the HPA axis response to restraint stress, imposed to these ani¬ 
mals 4 h after the end of each deprivation protocol, resulted in lower ACTH 
plasma levels and similar corticosterone responses as in control rats. In this 
case, the findings lead to the conclusion that the GC negative feedback mech¬ 
anism is well preserved in animals. 98 Preliminary data from our laboratory, 
using a much longer sleep restriction protocol (21 days) in rats, indicate that 
sleep debt induced more intense increments of ACTH than of corticosterone 
secretion, suggesting an adrenal insensitivity to its trophic factor (Machado, 
unpublished data). This reduced sensitivity could represent an adaptive 
mechanism against chronic stimulation of cortisol release. 

Numerous alterations of stress-related parameters are induced by pro¬ 
longed sleep deprivation with the flower-pot method. These include reduced 
binding of the CRH receptors in the striatum and pituitary in addition to a 
reduction of hypothalamic content of CRH and increased CRH content in 
striatal, limbic and pituitary regions, suggesting that REM sleep deprivation 
induces a global CRH release. 99 Moreover, post-deprivation basal and 
ACTH-induced corticosterone levels are increased; immediately after REM 
sleep deprivation, ACTH plasma levels are augmented, adrenal glands are 
heavier, and thymus is atrophied. 26100103 

The HPA axis is sensitive to the negative feedback action of corticosterone. 
Thus, previously elevated levels of the steroid may inhibit further responses 
to stress. However, in chronic stress conditions, the HPA axis exhibits a facil- 
itatory response to subsequent stressors. Therefore, “basal” corticosterone 
levels in chronically stressed animals increase from 5 pg/dl to 8pg/dl, but 
ACTH “basal” levels are generally unaltered. 104 These findings are basically 
the same as we reported previously, using the modified multiple platform 
method (MMPM). 26 Since the properties of the HPA axis, such as activation 
and feedback inhibition, show adaptation to chronic stress, we sought to 
determine whether prolonged REM sleep deprivation in the presence or 
absence of conspecifics could influence the hormonal responses to a mild 
stressor. Thus, animals previously submitted to 96h of REM sleep depriva¬ 
tion, either by the flower-pot method (individual deprivation) or by the 
MMPM (group deprivation), were challenged with a mild stressor (saline + 
novelty). All groups showed peak corticosterone levels 5 min after the stress, 
and sleep-deprived animals show higher peak levels than control rats. Twenty 
min after the stress, however, these levels remained elevated in control groups, 
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but returned to basal in the sleep-deprived groups. The fact that the latter 
showed such a fast return to basal levels could be explained by the influence 
of sleep on the activity of the HPA axis. 105 In fact, most of the animals were 
already sleeping when sampling took place, and according to our previous 
work, animals take as little as 16.5 min to initiate sleep after prolonged REM 
sleep deprivation. 13 

Since social support and housing conditions have been associated with the 
ability of animals to cope with adverse situations, 106 107 a study was con¬ 
ducted to assess anxiety-like behaviour and the ACTH and corticosterone 
responses to the elevated plus maze in REM sleep-deprived rats, which spent 
4 days on the flower-pot method or on the MMPM. Animals that were sleep- 
deprived by the MMPM entered and spent more time in the open arms of the 
plus maze than any other group. Although motor activity was enhanced in 
both individual and group sleep-deprived groups compared to their control 
counterparts, MMPM rats ambulated more in the open arms, whereas rats 
submitted to the flower-pot did so in the closed arms. The hormone levels 
showed that regardless of the method, REM sleep deprivation is stressful, 
because all sleep-deprived rats exhibited higher ACTH and CORT levels 
immediately after the deprivation period. The hormone response to the ele¬ 
vated plus maze, however, was negatively related to the anxiety-like behaviour 
exhibited by the animals. Thus, group-deprived animals showed the fastest 
return of ACTH and CORT secretion to basal levels. From these data, we can 
conclude that the presence of conspecifics during the deprivation period pro¬ 
foundly influences the rat’s behaviour, which in turn influences the regulation 
of the HPA axis after exposure to the elevated plus maze. 108 


5. Concluding Remarks 

In human beings, total or partial sleep deprivation or sleep restriction lead to 
major cognitive, metabolic and hormonal modifications, which in some 
instances may resemble changes found in the elderly. Furthermore, sleep frag¬ 
mentation, reduction and/or deprivation are common features of sleep 
pathologies, including insomnia and, sleep apnoea-hypopnoea obstructive 
syndrome, among others. It is vital to analyse the consequences of these con¬ 
ditions by means of animal studies. To this end, it is imperative to develop 
methods of sleep deprivation that contain the fewest confounding variables. 

Based on human and animal studies, sleep deprivation and stress seem to be 
inseparable events, although sleep deprivation appears to be a very peculiar 
kind of stressful stimulus. Finally, with the increasing pressures of daily life 
the population sleeping less and less; together with the constant search for 
ways to relieve stress, there has been a progressive increase of intake of “com¬ 
fort foods”. 109 Recently, we showed that sleep-deprived rats consume more 
sucrose solution than control rats, despite the fact that these animals also con¬ 
sume more food. Intake of sucrose or saccharin solutions results in diminished 
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ACTH and corticosterone levels, indicating that providing the animals with 
pleasurable solutions can reduce the stress of sleep deprivation. 45 

Collectively, sleep restriction or deprivation, stress and increased intake of 
carbohydrates and fat foods can lead to an increasing probability of occur¬ 
rence of type II diabetes and cardiovascular diseases, which represent a con¬ 
stant concern for scholars who seek for people’s best quality of life. 
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1. Introduction 

We spend almost one-third of our life sleeping, yet very little is understood 
as to why we need sleep or how do we sleep. The extrinsic and intrinsic con¬ 
trolling mechanisms of sleep have fascinated scientists for generations and 
many different theories, networks and endogenous compounds have been 
proposed. Although various substances are labeled ‘sleep-inducing sub¬ 
stances’ for example, delta sleep inducing peptide, prostaglandin etc. we still 
lack definitive knowledge on how these chemicals bring about a balance in 
regulating sleep and wakefulness. However, as the biochemical mechanisms 
underlying sleep control are now slowly emerging, the major question per¬ 
haps is whether these humoral mediators seem to have some relation to sleep 
by, for example, affecting circadian rhythms or arousal states thereby 
actively governing the sleep pattern or are they just responding to the sleep 
homeostasis. 

The first ever study probably began in November 1906 when two French 
psychophysiologists, Legendre and Pieron, 62 deprived dogs of sleep in 
order to obtain an endogenously occurring sleep-inducing substance. 
During the same period, in July 1907, a Japanese physiochemist, Ishimori, 
performed similar experiments on dogs. The French scientist published a 
series of short reports that culminated in a full paper in 1913, while 
Ishimori 42 published a full article in Japanese in 1909. Both of them inde¬ 
pendently reached the conclusion that prolonged state of wakefulness 
eventually accumulated some chemical substance in the brain that may 
trigger sleep. 

However there was no report in these lines of study until 1961, when 
Kornmuller et al. 52 by their technically advanced methodology showed these 
effects in cats. They induced sleep in one cat by stimulating the thalamus by 
chronically implanted electrodes and went on to show that blood transfusion 
from the latter soon caused the other to sleep. He concluded that some kind 
of hormone carried by the blood of sleeping cats might be involved in induc¬ 
tion of sleep. 

Monnier and his team 66 started working on isolating sleep inducing sub¬ 
stances and obtained DSIP in 1977. In the mean time, similar systemic 
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research was undertaken in the USA by Pappenheimer and associates 76 and 
in Japan by Uchizono and colleagues. 68 These events triggered the hope of 
finding the ideal humoral substance that can control sleep. Consequently, a 
number of endogenous factors have been nominated as putative sleep sub¬ 
stances, although their particular roles in the regulatory mechanisms of 
sleep remain unknown, for reviews. 815 ’ 25 ’ 26 ’ 40 ’ 41 ’ 54 ’ 96 " For a substance to be 
ultimately termed as a putative sleep regulatory substance, it should fulfill 
certain criteria. 

1. The substance should induce physiological sleep either directly exciting the 
sleep regulatory mechanisms or indirectly suppressing wake regulatory 
mechanism. 

2. The substance and its receptors should naturally be present in the animal. 

3. Administration of the substance into the animal through different 
routes should induce injection bound sleep irrespective of circadian 
rhythmicity. 

4. Antagonizing the effect of the substance or blocking its receptor should 
reduce spontaneous sleep and also reduce induced sleep brought by sleep 
deprivation, forced locomotion and changes in ambient temperature. 

5. The concentration or turnover of the substance or its receptor should vary 
with the sleep-wake cycle or with prolonged wakefulness. 

The main techniques in evaluating these types of drugs involve at the 
least a setup for long-term behavioral state recording in animals. For 
example, 

1. Monitoring sleep-wake behavior involving multi-channel EEG set up and 
preparing the animals for sleep bioassays. 

2. Continuous systemic, intracerebroventricular (icv) or intracerebral (ic) 
infusion techniques, which should enable either to administer drugs or to 
withdraw blood or CSF for, sleep bioassay with minimal disturbance to the 
animals. 

3. Mathematical modeling and computer simulation techniques for under¬ 
standing the total regulatory system of sleep mechanisms. 

4. Techniques for the analysis of ultradian, circadian and infradian rhythms of 
locomotor activity, body temperature and behavioral state in animals. 

There are many substances that have at least partially met the status of 
sleep-inducing factor, like human chorionic gonadotropin, 95 growth hormone¬ 
releasing hormone, interleukin-1, tumor necrosis factor, 72 component B of 
sleep-promoting substance, delta sleep-inducing peptide (DSIP), uridine, 
muramyl dipeptide (MDP) and prostaglandin D 2 (PGD 2 ). 39 The main purpose 
of this chapter is to introduce the subject of sleep-inducing substances. Hence 
we will be focusing on a few examples like DSIP, uridine, PGD 2 and MDP 
(Figure 1). Other putative sleep-inducing substances are beyond the scope of 
this chapter. 
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Figure 1. Structures of some sleep-inducing substances. 


2. Delta Sleep-Inducing Peptide 

DSIP is a naturally occurring substance and in 1977 it was for the first time 
isolated from rabbit brain. 25 ’ 267988 As its name suggests DSIP promotes 
sleep, especially a particular type of sleep that is characterized by an increase 
in the delta rhythm of the EEG. It is a nonapeptide that is normally synthe¬ 
sized in the hypothalamus and targets multiple sites including the brain 
itself 26 and has been detected in rats, mice, rabbits, cats and human 
beings. 1 ’ 48,93 Immunopositive neurons were found in the neurons of rostral- 
caudal band extending from the primary olfactory cortex to the lateral 
hypothalamus, basal ganglia, amygdala, septum and the thalamus. 18 Labeled 
neurons were found at higher concentrations in the areas known to be active 
during SWS and REM sleep for example, the reticular formation and the 
raphe nuclei. 
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However the functional significance of the presence of DSIP in these 
areas is not clearly known, even though it is safe to assume that DSIP may 
have a modulatory role in these areas especially because they deal with sen¬ 
sory systems, such as somatic sensation, audition, and vision, and visceral 
brain systems. 

DSIP is normally present in minute amounts in the blood. It can readily be 
absorbed from the gut without being denatured by enzymes. 2 45 It is degraded 
in blood through the amino-peptidase pathway. 71 Brain and plasma DSIP 
concentrations exhibit a marked diurnal variation 4 and there has been shown 
to be a correlation between DSIP plasma concentrations and circadian 
rhythm in human beings. Concentrations are higher in the afternoons than 
mornings and it is reported that the plasma concentrations of DSIP are 
influenced by the initiation of sleep. 89 DSIP is present in relatively high con¬ 
centrations in human milk (10-30 ng mL -1 ) 7,23 and urine (100 pg-6 ng/ml). 15,22 
It is also present in the CSF (30-560 pg/ml) 22,46 suggesting that crossing over 
the BBB by DSIP is not competitive and probably non-specific. 3 5 

A number of studies have examined the use of DSIP with varied success. 7,67 
It is reported that subjects injected with small doses of DSIP increased the 
‘pressure to sleep’ and to a certain extent induced delta-wave sleep. Hence, 
DSIP has been described as a sleep-promoting substance rather than a seda¬ 
tive. DSIP does not act as a hypnotic drug that needs to be given just before 
retiring in acute conditions. On the other hand, a dose of DSIP given during 
the course of the day will promote improved sleep on the next night and may 
be for several successive nights. Long-term infusion of DSIP resulted in rapid 
increase in SWS 39 , the amount of hourly SWS increased to 30-40 min 
(Figure 2). However, such an SWS-inducing effect did not last long. It is also 
known to enhance delta and sigma activity in rabbits. 1,65,105 One study 
reported significant increase in both SWS and REM sleep at the expense of 
waking when DSIP was injected into the lateral ventricle during the dark 
period 106 . Another study observed enhanced total sleep in REM sleep 
deprived cats. 94 Despite these clear short-term results the beneficial efficacy 
of DSIP in long-term management of insomnia has still to be proven. So, it 
seems that the physiological actions of the peptide mostly depend on the 
behavioral state of the animal; they are stronger under the disturbed than 
normal behavioral conditions. DSIP may, paradoxically, be of use in the 
treatment of narcolepsy and it is possible that it exerts its effect by restoring 
circadian rhythms. 87 Unfortunately, no difference in DSIP concentrations has 
been found between narcoleptic patients and normal subjects. 100 However 
patients suffering from certain psychiatric disorders, such as schizophrenia 
and depression have lower concentrations of DSIP both in plasma and cere¬ 
brospinal fluid. 64 In these patients the concentrations were inversely corre¬ 
lated with sleep disturbance. DSIP when administered to healthy volunteers 
did not have any effect on growth hormone or prolactin. 21 

There are published reports, where no sleep inducing effect (in some case 
wake inducing) of DSIP was found in rabbits after IV injection, 27 in cats after 
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Clock time 

Figure 2. Sleep-promoting effects of a 10-hr intraventricular infusion of DSIP at 2.5 
nmol from 19:00 to 05:00 (indicated by a solid bar) in otherwise saline infused rats. 
The upper graph shows the hourly integrated sleep amounts, while the bottom graph 
illustrates the cumulative values in the light (L) and the dark (D) period. Thin and 
thick curves represent the baseline and the experimental day, respectively. Vertical 
lines on each hourly value indicate the range of SEM, * and**, values on the experi¬ 
mental day that were significantly different from that of the baseline at P<0.05 and 
P < 0.01, respectively. Adapted with permission from Inoue et al., Proc Natl Acad Sci, 
USA, 1984. 


IP injection 92 and in rats after ICV injection. 73 Brain temperature in the rats was 
not affected and an analog, o>amino-caprilyl DSIP, also failed to change any of 
these parameters. Rather an increase in wakefulness was observed after the 
injection of either peptide. Kovalzon 53 also showed a negative effect of DSIP. 
However, other analogs like D-Trp^DSIP, D-Tyr^DSIP, and D-Ala 2 -DSIP 
found to induce a marked increase of mainly SWS. Based on their observation 
they concluded that prevention of rapid metabolism of the peptide was critical 
in achieving the desired effect. It would appear therefore that there might be 
dual action within these analogues for not only sleep but also sleep reversal. 

Nevertheless, with contrast results obtained with DSIP from different lab¬ 
oratories, it seems reasonable to conclude that the peptide can affect sleep in 
many animal species, although there has not been consistent reproducibility. 
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DSIP has also shown to produce changes in other functions apart from 
sleep. Previous studies have shown that DSIP has an anticonvulsant action in 
the rat by increasing the threshold to NMDA- and picrotoxin-induced con¬ 
vulsions. 1190 DSIP has an antinociceptive action in mice, an effect which is 
blocked by naloxone, 60 neuroprotective effect in rats subjected to bilateral 
carotid ligation, 91 antihypertensive effect 24 and antimetastatic activity. 80 DSIP 
also reduced brain swelling in a model of toxic cerebral edema in the rat. 78 As 
might be expected of any substance that is naturally occurring, DSIP does not 
have any significant side effects. In some human studies, transient headache, 
nausea and vertigo have been reported. DSIP, (which has a half-life of 15 min) 
actually appears to be incredibly safe as its LD 50 has never been determined 
because it has never so far proved possible to kill an animal whatever the dose 
of DSIP administered. 38 It may also reduce amphetamine-induced hyperther¬ 
mia and may be beneficial in some chronic pain conditions. 60 

A mechanism of action for DISP could be due to the modulation of nora¬ 
drenergic system. Modulation of POA neurons by noradrenergic system have 
shown to induce sleep. 58 ’ 59 ’ 8283 Benson et al. 6 in 1985 reported a markedly 
reduced turnover norepinephrine and alpha-methylparatyrosine in hypothala¬ 
mic median eminence after pretreatment of rats with DSIP, thus establishing a 
direct relation between the adrenergic neurotransmitter system and DSIP. In 
vitro, DSIP inhibited the effect of isoproteronol alone or in a combination with 
phenylephrine, in rat pineal culture for two days, but not with phenylephrine 
alone. Although it does not fully explain the paradoxical results of its action, 
it is suggested that the action of DSIP is mediated through adrenergic post- 
synaptic receptor. It is not known by what mechanism alpha-adrenergic recep¬ 
tors act synergistically with beta-adrenergic receptors in this system, 49 so that it 
is possible that DSIP could influence the ‘link’ between alpha and beta-adren¬ 
ergic receptors. 24 This modulatory effect on the noradrenergic system can be 
used to explain the sleep effects observed after DSIP administration. It is well 
known that noradrenergic transmission can affect sleep stages, both SWS and 
REM sleep. Administration of specific adrenergic agonists and antagonists 
revealed that the stimulation of a { adrenergic receptors decrease PS while 
drowsy waking or light sleep is increased. 81 Stimulation of a 2 receptors also 
increases SWS. 50 ’ 63 ’ 82 ’ 83 


3. Uridine 

Uridine, a nucleic acid which is ubiquitously distributed in many tissues, 
including the brain is involved in a variety of biochemical processes. Uridine 
consists of uracil as base moiety and D-ribose as sugar moiety on its struc¬ 
ture. This compound has the same oxopyrimidine ring in the structure as that 
of barbiturates, nonbarbiturate anesthetics, and antiepileptics. The basic 
structure of the barbiturates is similar to that of uracil. It is suggested that 
uridine is released from steps of nucleic acid-nucleic protein biosynthesis 
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(catabolism), and reaches the binding sites in the areas of the brain which 
regulate natural sleep. Komoda et al. 51 reported that uridine was one of the 
endogenous sleep-promoting substances which was isolated from brainstems 
of 24-hour sleep-deprived rats. The infusion of small amounts of uridine 
caused the enhancement of natural sleep in rats. 39 

Uridine increased the frequency of the sleep without affecting both qual¬ 
ity and quantity of the sleep. Although uridine is shown to promote natu¬ 
ral sleep in rats, it does not have any hypnotic activity. The effect of uridine 
can be effectively studied by the use of systematically synthesized nucleo¬ 
side derivatives. Thus, studies showed that the hypnotic activity of the 
derivative, N 3 -phenacyluridine was 16-fold higher than that of N 3 -benzy- 
luridine. It also induced motor incoordination, 103 had anti anxiety effects 
and shortened the swimming time, indicating this also acted on the CNS 
depressant system. However, N 3 -Benzyluridine and N 3 -phenacyluridine 
showed a dose-dependent hypnotic activity in mice indicating its possible 
role in physiological sleep. The hypnotic effect of N 3 -benzyluridine was 
three-fold higher than that of thiopental at the same dose. 102 

Infusion of 1 pmol N 3 -benzyluridine resulted in a significant increase in the 
total time and frequency of PS in the light period of the recovery. In contrast, 
infusion of N 3 -benzyluridine at 10 pmol, significantly enhanced frequency 
and the total time of SWS without affecting the duration of episodes. A 10 h 
infusion of 10 pmol uridine induced a rather mild but continued increase in 
both SWS and REM sleep (Figure 3). There was a significant increase in the 
cumulative value of SWS and PS from baseline only after 7 and 12 h after the 
dark onset, respectively. In contrast, uridine did not enhance PS and SWS in 
the light period. Uridine did not produce any effect on the brain tempera¬ 
ture. 39 Although the sleep-promoting effects of uridine were still evident dur¬ 
ing recovery period, the potentiation of sleep was limited in the dark period. 
So it is safer to say, that the mechanisms of sleep-inducing effect may be dif¬ 
ferent. Kimura et al. 47 suggests that N 3 -benzyluridine may play a role in sleep 
regulation as an intermediate between natural and artificial sleep. 

It is well known that benzodiazepine binding site is coupled to GABA a 
receptor complex in the brain 30 74 which includes y-aminobutyric acid (GABA) 
binding site, chloride channel, picrotoxin binding site and barbiturate active 
site. Certain barbiturates affect benzodiazepine and GABA bindings. 74101 
Furthermore, it is known that pentobarbital increased [ 3 H]diazepam binding 
to synaptic membranes in the presence of chloride ion. Therefore, Kimura 
et al. 47 predicts that uridine derivatives also affect the GABA-benzodiazepine 
receptor-chloride channel complex because of the structural similarity to bar¬ 
biturates. Guarneri et al. 28 29 and Yamamoto et al., 104 showed the interaction 
of uridine with GABA binding site in cerebellar membranes of rats, although 
much higher concentration of uridine is needed to compete with GABA at its 
binding sites. However, Kimura et al. 47 suggests that uridine binding site is also 
located closely to adenosine binding site, and may functionally act together to 
produce CNS depressant activity including promoting sleep. They further 
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Figure 3. Sleep-promoting effects of uridine. For details, see figure 2 caption. 


propose that the phenomenon of sleep and wakefulness is a reversible physi¬ 
cal action; endogenous substances such as uridine might be utilized in de novo 
syntheses of this kind of nucleic acid and hypothesize that the uridine recep¬ 
tor mainly mediates the hypnotic action of derivatives of oxopyrimidine 
nucleoside (Figure 4). 


4. Prostaglandin D 2 

The prostaglandins (PGs) are a group of C 20 polyunsaturated fatty acids that 
contain a unique five-membered ring structure. PGs exhibits diverse but 
important role in on a wide variety of physiological and pathological activi¬ 
ties. It is widely distributed in all types of mammalian cells. In 1982, 
Narumiya et al. 70 showed that PGD 2 is the major prostanoid in the CNS 
of rats including humans and have some important neural function. 
Microinjection of PGD 2 into the preoptic area of the rat brain induces 
behavioral sleep. Such sleep-inducing effects are seen also in mice and mon¬ 
keys. Roberts and co-workers 84 have shown increased levels of PGD 2 in 
patients with systemic mastocytosis during deep sleep episodes. A highly sig¬ 
nificant increase has also been reported in the CSF of patients with African 
sleeping sickness. 77 
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Figure 4. Postulated mechanisms of hypnotic activity of oxopyrimidine nucleoside 
derivatives. For details see Kimura et al., Sleep 2001; 24: 251-260. Adapted with per¬ 
mission. 


A 10 h infusion of PGD 2 resulted in a rapid increase in SWS and a gradual 
increase in REM sleep, significant effect seen in the second half of the infu¬ 
sion period 39 (Figure 5). When PGD 2 was infused during the night, SWS and 
REM sleep showed a significant dose dependent increase, which was indistin¬ 
guishable from physiological sleep as judged by EEG, EMG, food and water 
intake, brain temperature, heart rate, and other general behavior of the rat 97 . 

The cumulative increment of SWS and REM sleep in the dark period was 
about 64 min and 13 min respectively. This increase was entirely due to more 
frequency in SWS and REM sleep episodes. PGD synthase (PDGS), an enzyme 
that produces PGD 2 , and the PGD 2 concentration in the CSF exhibited a cir¬ 
cadian fluctuation in parallel with the sleep-wake cycle, 75 for reviews. 31-36 

PGD 2 is a monometric glycoprotein with a molecular weight of ~27 000 
Da and belong to be a member of the lipocalin superfamily. It is produced in 
the trabecular cells of the arachnoid membrane and choroids plexus and cir¬ 
culates in the CSF. These proteins are widely distributed in nature and are 
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Figure 5. Sleep-promoting effects of PGD r For details, see figure 2 caption. 


small secretory proteins present in the membrane system in the cell, namely, 
ectoproteins sharing a common feature of binding and transport of small 
lipophilic molecules with an exception of PGDS, which is an enzyme rather 
than a lipid transporter. PGDS catalyses the isomerization of the substrate 
PGH 2 to produce PGD r 

When selenium chloride, which is a potent, specific, noncompetitive, and 
reversible inhibitors of brain PGDS 43 was infused into the third ventricle of 
a rat during the day, sleep was inhibited in a time and dose dependent man¬ 
ner after about 2 h. It could be because of its interaction with the free 
sulfhydryl group in the active center. This effect was reversible in that, when 
the infusion was interrupted, sleep was restored. These results therefore 
clearly showed that PGD 2 is an endogenous sleep-promoting substance. In 
recent studies on transgenic mice in which the human PGDS gene was incor¬ 
porated sleep was significantly increased. In situ hybridization to detect 
mRNA and immunohistochemical staining studies showed PGDS mRNA in 
the rat brain and spinal cord, more significantly in the leptomeninges, namely 
the pia mater and arachnoid membrane, and in the choroid plexus in the ven¬ 
tricles than the brain parenchyma, the corpus callosum. 98 The neurons did 
not express the mRNA although it was expressed the oligodendrocytes. 
Moreover, the PGDS enzyme activity in the choroid plexus and arachnoid 
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membrane was much higher than the whole brain both in rats and humans. 
The most effective site of action was the subarachnoid space in the surface 
area of the medial ventral region of the rostral basal forebrain. SWS was 
increased more than 120% indicating the presence of PGD 2 receptors in the 
surface of the leptomeninges somewhat rostral to the preoptic area and 
below the diagonal band of Broca. As PGDS is a member of the lipocalin 
superfamily, whose members are all lipid transporters and secretory proteins, 
it is reasonable to assume that PGDS is mainly, if not exclusively, produced 
in the membrane system surrounding the brain, namely the arachnoid mem¬ 
brane and choroid plexus, and is then secreted into the CSF to circulate in the 
CSF in the ventricular and subarachnoid spaces. 

Subsequently, the mouse PGD 2 receptor was cloned by Naruymiya 
and coworkers, and its structure was delineated. 37 Adenosine A 2a agonists, 
2-[/?-(2-carboxyethyl) phenylethylamino]-5'-A-ethylcarboxamidoadenosine 
(CGS21680), when administered to the PGD 2 -sensitive zone, both SWS 
and REM sleep increased indicating that the stimulation of A 2a -adenosine 
receptors in the rostral basal forebrain promotes SWS and REM sleep. 85 
Infusion of PGD 2 into the subarachnoid space just anterior to the preoptic 
area induced Fos-IR in the ventrolateral preoptic area (VLPO) in asso¬ 
ciation with an increase in SWS, along with a decrease in Fos in putative 
wake-active neurons like the tubomammilary nucleus (TMN). These obser¬ 
vations suggest that PGD 2 may induce sleep via meningeal PGD 2 receptors 
with subsequent activation of VLPO neurons. 86 Thus, PGD 2 may promote 
sleep by inducing meningeal cells to release paracrine signaling molecules 
such as adenosine, which subsequently excite nearby sleep-active VLPO 
neurons (Figure 6). The VLPO whose axons contain GABA and galanin, 
on the other hand, inhibits wake-promoting TMN neurons to induce sleep. 
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Figure 6. Schematic representation of the molecular mechanisms of sleep-wake reg¬ 
ulation by PGD r solid arrow represent excitatory; open horizontal arrow represents 
inhibitory. Adapted with permission from Hayaishi, J Appl Physiol, 2002. 
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5. Muramyl Peptides 

‘Factor S’ also called sleep-inducing substances are derived from bacteria that 
inhabit the bowel and was identified as a structurally related group of 
muramyl peptides (MPs) which constitute the cell wall component of both 
Gram positive and Gram negative bacteria. 1219 ’ 55 ' 57 

Muramic acid and diaminopimelic acid are constituents of polymeric pep- 
tidoglycans in the cell walls of bacteria and the subunits are immunostimu- 
lants and pyrogens 61 . It is contrary to the idea that the body synthesized its 
own sleep factors. Apart from its influence in regulating sleep, MPs are 
known to exert potent effects on the immune system by stimulating many 
sites on both the cellular and humoral arms of the immune system. 12 The gas¬ 
trointestinal tract of the neonatal is sterile at birth 20 and no conclusive report 
has been published to establish a link between maternal supply of MPs to the 
fetus. This could be one of the reasons why neonates and babies in utero have 
a very large amount of REM sleep apart from the argument that immaturity 
of the brain prevents SWS in neonates. 44 Davenne and Krueger 13 in 1987, 
however, showed that administration of the synthetic MP (N-acetylmuramyl- 
L-alanyl-D-isoglutamine (AcMur-Ala-iGln), muramyl dipeptide (MDP; 
Ellouz et al. 16 ) to neonatal rabbits did in fact stimulate SWS and reduce REM 
sleep. Microinjection studies indicate the site of action of this peptide is 
localized between the basal forebrain and the mesodiencephalic junction. 
Thus it can be safely concluded that the availability of MPs may well regulate 
the ontogeny of sleep in the neonate 10 ; the development of the gut flora in 
significant numbers in growing babies slowly increases SWS. Clinically the 
gut flora/sleep ontogeny relationship could be important in situations where 
infants are placed on long-term or large doses of antibiotics, where diet is 
inadequate, or even in the difference between breast and bottle fed babies. 9 
All of these situations produce qualitative and/or quantitative changes in gut 
flora composition. 

A 10 h infusion of muramyl dipeptide into the third ventricle resulted in a 
rather slow increase in SWS. 39 Not only did it have an effect on SWS, but also 
it increased brain temperature by 1.0-1.5°C. The cumulative data showed the 
SWS significantly increased from 5 to 12 h after the onset of dark period 
(Figure 7). MDP did not induce any change in the REM sleep pattern. The 
increase in SWS was due to longer episode duration and not due to an 
increase in episode frequency. In another study however, icv infusion of MDP 
increased the hourly percentage of SWS in rabbits for 6 h or more after the 
infusion. 55 The amplitudes of slow waves were high during these episodes and 
there was an increase of 1-2°C in body temperature indicating that it may act 
directly on temperature-regulating neurons or indirectly through centrally 
generated endogenous pyrogens. 

In contrast, the administration of MDP in cats showed a more complex 
behavior. The rise in body temperature was associated with lethargy and 
inability to enter deep sleep for 2-4 h after the infusion. There was no REM 
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Figure 7. Sleep-promoting effects of MDR For details, see figure 2 caption. 


sleep during this period. However, all cats which received the drug underwent 
an abnormally long period of deep sleep after the initial period of sleep dis¬ 
turbance . 55 The somnogenic effects can also be elicited by intravenous and 
intraperitoneal injection or by oral administration via stomach tube. 

As we mentioned in the beginning, this chapter is just an introduction to 
the influence of sleep-inducing substances on sleep. Although many signifi¬ 
cant strides have taken place in recent years, a unified mechanism on how we 
sleep and wake still remains elusive. Yet, as of today, studies to decipher the 
science of sleep fascinate researchers worldwide. 
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The Influence of Orexin on Sleep 
and Wakefulness 


Christopher M. Sinton and Jon T. Willie 


1. Introduction 

An exciting recent development in sleep research was the discovery of the 
importance for vigilance state control and narcolepsy-cataplexy of neurons 
containing orexin (also known as hypocretin) neuropeptides. Narcolepsy- 
cataplexy is a chronic, debilitating sleep disorder that is characterized by 
excessive daytime sleepiness, manifested as attacks of daytime somnolence at 
inappropriate times. 13 Narcoleptics also show symptoms that are considered 
indicative of abnormal REM (Rapid Eye Movement) sleep expression. These 
latter symptoms include cataplexy, hypnogogic hallucinations, sleep-onset 
REM periods, and sleep paralysis. In contrast to daytime sleepiness, the 
nighttime sleep of narcoleptics is fragmented and of poor quality, typically 
demonstrating lengthy periods of wakefulness after sleep onset. 

The autosomal recessive form of canine narcolepsy-cataplexy was found to 
be caused by a mutation in the orexin receptor-2 gene. 4,5 In a concurrent dis¬ 
covery, mice with deletion of the prepro-orexin gene (i.e., orexin~'~ mice) 
exhibited a phenotype similar to human narcolepsy-cataplexy with increased 
REM sleep and cataplexy-like episodes entered directly from states of active 
movement. 6 Subsequently, to model the human disorder more closely with 
post-natal loss of orexin neurons, an orexin!ataxin-3 transgenic mouse was 
created in which orexin neurons expressed a cytotoxic gene product (a trun¬ 
cated form of human ataxin-3 containing a polyglutamine repeat) under con¬ 
trol of the human prepro-orexin promoter. 7 This resulted in apoptotic cell 
death and complete degeneration of orexin-containing neurons by 8 weeks of 
age. Even by 6 weeks of age, these mice demonstrated the vigilance state 
changes and episodes of cataplexy that indicated a narcoleptic phenotype. 7 
This work in the mouse was then extended to the rat, which also demon¬ 
strated narcolepsy-cataplexy after degeneration of orexin projections follow¬ 
ing expression of the orexin!ataxin-3 transgene. 8 Cataplexy in canines and 
rodents consists of attacks of sudden bilateral atonia in postural muscles, 
with consequent collapse. The episodes last from a few seconds to a few 
minutes and are often provoked by emotion or excitement, such as food pres¬ 
entation to dogs. 6 910 

This significant series of findings provided important insights into the 
pathophysiology of the narcolepsy-cataplexy syndrome, though mutations of 
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the prepro-orexin or orexin receptor genes appear to be extremely rare in the 
human. 1112 However, undetectable to very low levels of orexin neuropeptide 
in the cerebrospinal fluid (CSF) were described in most patients with nar¬ 
colepsy-cataplexy, while CSF orexin levels of patients presenting with other 
disorders were comparable to those of controls. 1316 The number of orexin 
neurons is therefore likely to be diminished in narcoleptic patients 1117 though 
the cause for this apparent neuronal degeneration remains undetermined. 1819 
Recently, rescue of the narcoleptic phenotype in orexinlataxin-3 transgenic 
mice was shown to follow intracerebroventricular administration of orexin or 
by expression of the prepro-orexin gene under the control of the P-actin- 
cytomegalovirus (CAG) hybrid promotor. 20 Taken together, these findings 
leave no doubt as to the critical involvement of orexin neurons in the human 
disorder. 

In addition to the role of orexin in the control of sleep and wakefulness, 
which was first identified from the narcolepsy-cataplexy phenotype and is the 
subject of this review, the neuropeptide may have a neuromodulatory role in 
several neuroendocrine and homeostatic functions such as food intake, body 
temperature regulation, and blood pressure regulation. The reader interested 
in other functional aspects of orexin is referred to recent studies and 
reviews. 6 ’ 21 ' 25 


2. The Orexin System 

Orexin was identified in 1997 by two independent groups. De Lecea and 
colleages 21 first predicted the sequence of two related peptides, hypocretin-1 
and -2, using a direct tag PCR subtraction technique to isolate mRNA from 
hypothalamic tissue. Independently, Sakurai and colleages, 26 using a system¬ 
atic biochemical search based on calcium imaging in HEK293 cells express¬ 
ing G protein-coupled cell surface orphan receptors, purified the two actual 
peptide ligands, which they termed orexin-A (hypocretin-1) and orexin-B 
(hypocretin-2). These first two reports indicated that neurons containing 
the orexin neuropeptides were found exclusively in the dorsal and lateral 
hypothalamic areas, 2126 and also that orexin was likely to function as a neu¬ 
rotransmitter since the peptides were localized in synaptic vesicles and had 
neuroexcitatory effects on hypothalamic neurons. 21 Sakurai and colleages 26 
reported that orexin-A and orexin-B, containing 33 and 28 amino acids, 
respectively, were derived from a single precursor prepro-orexin gene, and 
acted at two G-protein coupled receptors, designated orexin receptor-1 and 
receptor-2. Studies are continuing as to the relevant roles of the two orexin 
neuropeptides in the normal animal. In this review, therefore, the two 
sequences are not differentiated and the term “orexin” as used here indicates 
either, or both, orexin-A and orexin-B. 

Subsequent anatomical studies defined a highly delimited population of 
orexin-expressing neurons in the perifornical region of the lateral hypothala- 
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mus (LH). 22 ’ 27 ’ 28 Figure 1 shows the location of orexin-containing neurons 
and the distribution of their processes in a schematic sagittal section of the 
brain. Immunohistochemical studies revealed a widespread distribution of 
orexin projections that was remarkable for the targeting of several distinct 
brain regions that were known to be involved in the regulation of sleep and 
wakefulness, including both brainstem and forebrain areas. 22 ’ 27 29 ' 31 Notable 
orexin projections to the forebrain include innervation of the cholinergic 
basal forebrain (BF) (in the rat this includes the horizontal limb of the diag¬ 
onal band of Broca, the magnocellular preoptic nucleus, and the substantia 
innominata) and the histaminergic tuberomammillary nucleus (TMN). 
Major brainstem targets include the pontine and medullary pontine reticular 
formation (PRF), the cholinergic mesopontine tegmental nuclei (including 
the laterodorsal tegmental nucleus, LDT), the locus coeruleus (LC), and the 
dorsal raphe nucleus (DRN). 

Two orexin receptors have been identified. 26 Orexin-A is a high-affinity lig¬ 
and for the orexin receptor 1 (OXjR), the affinity of which for orexin-B is 1-2 
orders of magnitude lower. The orexin receptor 2 (OX 2 R) exhibits equally 
high affinity for both neuropeptides. Currently no ligands are available with 
sufficient specificity for OXjR and OX 2 R receptors to define their distribu¬ 
tion. However, in situ hybridization studies of orexin receptor mRNA 32 33 
have shown a diffuse pattern, consistent with the widespread nature of orexin 
projections, although a marked differential distribution of OXjR and OX 2 R 



Figure 1 . Schematic showing the location of orexin-containing neurons (dots) in the 
lateral hypothalamus (LH) and their widely distributed projections to all levels of the 
neuraxis. DRN, dorsal raphe nucleus; LC, locus coeruleus; LDT/PPT, laterodorsal 
tegmental and pedunculopontine tegmental nuclei; PVN, paraventricular nucleus; 
SCN, suprachiasmatic nucleus; TMN, tuberomammillary nucleus; VLPO, ventrolat¬ 
eral preoptic area; 3V/4V, third/fourth ventricle. 
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mRNA has also been noted. Of the brain regions involved in vigilance state 
control, pontine nuclei, including the DRN and LC appear to show a pre¬ 
dominance of mRNA for OXjR receptors, and electrophysiological studies 
have shown that the response of orexin in the LDT is also likely to be pri¬ 
marily mediated though OX^. 34 In contrast, forebrain regions predomi¬ 
nately express the OX 2 R receptor. 


3. Rapid Eye Movement (REM) Sleep 

Since its discovery, orexin has remained the focus of intense research as the 
mechanisms involved in its action are elucidated and the roles that it might 
play in the normal brain are determined. The intrusion of REM sleep signs 
into wakefulness in narcoleptic humans suggested that orexin might inhibit 
REM sleep, or specifically prevent direct shifts from wakefulness into REM 
sleep. In this review, reference is made to the neurophysiology and neuro¬ 
transmitters important for the generation of REM sleep and the interested 
reader is referred to recent reviews of this important topic for more detailed 
discussion. 35 ' 37 In brief, sub-populations of mesopontine cholinergic cells, 
including those located in the LDT, discharge preferentially just before and 
during REM sleep. These LDT cholinergic “REM-on” neurons act as pro¬ 
moters of REM sleep signs, via their excitatory projections to several popu¬ 
lations of cells in the PRF. 38 These PRF effector cells in turn control the 
cardinal signs of REM sleep, such as muscle atonia and rapid eye move¬ 
ments. In contrast, monoaminergic neurons in the noradrenergic LC and 
serotonergic DRN exhibit a pattern of discharge activity that is nearly oppo¬ 
site: their discharge rate is greatest during waking, declines during non-REM 
sleep and virtually ceases prior to and during REM sleep. 39 40 This inverse 
correlation with REM sleep led to the hypothesis that the “Wake-on/REM- 
oflf” monoaminergic neurons inhibit the REM-promoting, REM-on neurons, 
and considerable evidence is now available in support of this hypothesis. 41 
Figure 2 is a schematic representation of the location of the cell groups that 
are important for vigilance state control, especially those that control REM 
sleep. In this regard, the histamine-containing, TMN neurons also show a 
Wake-on/REM-off discharge pattern, 42 43 and these neurons are conceptual¬ 
ized as part of the wakefulness-promoting system, in agreement with drowsi¬ 
ness as a common side effect of antihistamine drugs. Other pontine 
cholinergic cells in the LDT are considered part of the ascending arousal sys¬ 
tem because they discharge preferentially during wakefulness and REM sleep 
but show reduced activity during non-REM sleep. 44 

3.1. Orexin Inhibits REM Sleep Onset 

Orexin excites LC noradrenergic neurons, thus providing one mechanism 
by which orexin might promote wakefulness and suppress REM sleep. 4546 


The Influence of Orexin on Sleep and Wakefulness 225 



Figure 2. Schematic of a sagittal section of a mammalian brain showing the location 
of nuclei important for vigilance state control, particularly REM sleep. BF, basal fore¬ 
brain; PRF, pontine reticular formation. Other abbreviations as in Figure 1. 


Similarly, orexin has been shown in the in vitro slice preparation to excite sero- 
toninergic neurons in the DRN, 47 a second mechanism by which orexin could 
suppress REM sleep by activating another population of Wake-on/REM-off 
neurons. However, orexin neurons also project to the brainstem cholinergic 
REM-on cells, including those in the LDT and the PRF. In an apparent par¬ 
adoxical action, orexin excites cholinergic LDT neurons. 48 This result would 
indicate that REM sleep should be disfacilitated in the absence of orexin, 
rather than the reverse. However, the vigilant state abnormalities observed in 
the absence of orexin suggest that the lack of excitatory drive on the 
monoaminergic REM-off cells is the dominant influence. Thus, in the absence 
of orexin, this disinhibition from the monoaminergic projections at the level 
of the LDT is apparently greater than the direct disfacilatory action. Under 
normal circumstances, orexin promotes a tension between the activity of the 
Wake-on/REM-off and REM-on neurons, with the balance of the excitation 
being on the monoaminergic Wake-on/REM-off cells most of the time. This 
balance of effect, and the importance of the response of the monoaminergic 
Wake-on/REM-off cells, is also underlined by the action of the neuropeptide 
in the PRF brainstem nuclei that modulate the expression of REM sleep signs. 
Cholinergic stimulation of the PRF rapidly induces REM sleep, 49 an effect 
that is mimicked by the local antagonism of orexin. The latter was shown in a 
study that applied, in the absence of specific receptor antagonists, antisense 
oligodeoxynucleotides against the mRNA for OX 2 R by microdialysis perfu¬ 
sion into the PRF of rats. 50 This treatment increased REM sleep time during 
both the light and dark phases and, significantly, also produced behavioral 
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cataplexy. One explanation of this result is that inhibition of orexinergic neu¬ 
rotransmission in the PRF results in feedback disfacilitation of Wake-on/ 
REM-off cells and hence the shift in balance towards REM sleep. 

Taken together, these results indicate that an important function of orexin 
is to inhibit the appearance of REM sleep episodes. In confirmation of this 
conclusion, orexin injected into the LDT in the cat decreased the number of 
REM sleep episodes. 51 This study is also important, however, because this 
treatment did not influence the mean duration of REM sleep episodes. In a 
concordant study, after the post-natal ablation of orexin neurons in the 
orexiniataxin-3 transgenic rat, the number of bouts of REM sleep was 
increased but the average duration of a REM sleep episode was not changed. 8 
These data suggested that orexin affected the switch into REM sleep but, once 
initiated, it did not influence the expression of the state itself. Kiyashchenko 
and colleagues 52 reported that orexin release is highest during both active 
wakefulness and REM sleep, but this result left open the possibility that orexin 
might also be involved in the generation of the REM sleep state. However, 
since orexin has now been shown to affect the switch into REM sleep but not 
the state itself, it is unlikely that orexin is involved in the maintenance, gener¬ 
ation, or switch out of REM sleep. Thus the correlation between orexin 
release in both active wakefulness and REM sleep 52 is likely to be through 
ongoing motor patterns, whether they are expressed, as in active wakefulness, 
or inhibited, as in REM sleep. Furthermore, this pattern of release of orexin 
may be one way in which the inhibition of REM sleep is maintained at a 
higher level during active wakefulness when the brain state, including cortical 
activation, has the greatest similarity to REM sleep. For this reason, when 
orexin is absent, the switching mechanism into REM sleep appears biased 53 - 54 
and direct transitions from wakefulness to REM sleep can occur. 

The predominantly inhibitory influence of orexin on the REM sleep switch 
during wakefulness is consistent with the distribution of vigilance states 
across the nycthemeron in narcoleptic rodents. For example, comparison of 
the hourly distribution of REM sleep time between the orexini ataxin-3 trans¬ 
genic and wild-type rats showed an apparently continuous effect of the loss 
of orexin on the expression of REM sleep (Figure 3). 8 Thus the absence of 
orexin in the transgenic rats resulted in increased REM sleep throughout the 
normally active phase and, consequentially, a reduced homeostatic drive for 
REM sleep during the light phase. In the wild-type rat, the homeostatic drive 
for REM sleep during the normal sleep phase is expressed as a gradual 
increase in the hourly times spent in REM sleep. Significantly, this distribu¬ 
tion of REM sleep in the wild-type rats is inversely correlated with the diur¬ 
nal variation of the orexin signal, which remains high throughout the dark 
period but reaches a minimum towards the end of the light phase in this 
species. 55 ' 57 Together, these data support the hypothesis that the release of 
orexin has an inhibitory influence on the appearance of REM sleep episodes. 
However, once an episode of REM sleep has been initiated, it proceeds nor¬ 
mally in the absence of orexin. 
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Figure 3. Hourly distribution of REM sleep time over the nycthemeron (in min¬ 
utes; mean ± SEM) for wild-type rats and their orexin/ataxin-3 transgenic litter- 
mates (Tg/+). Significant differences between the genotypes are marked by an 
asterick (t-test, P < 0.05). The dark phase is noted by the horizontal black bar. Note 
that REM sleep time remains elevated throughout the dark phase in the Tg/+ rats 
but is reduced in the light phase relative to the wild-type rats. The latter demonstrate 
gradually increasing REM sleep time during the light phase, with a peak towards 
the end of the phase. 


3.2. The Progression of non-REM Sleep to REM Sleep 

In noting the excitatory influence of orexin projections on components of the 
central activating system, it is clear that the neuropeptide must also play a sig¬ 
nificant role in central arousal and cortical activation. Importantly, the neu¬ 
ropeptide provides a balance of excitation to the cholinergic REM-on cells of 
the LDT and PRF and the monoaminergic Wake-on/REM-off cell groups, 
which are important for the maintenance of wakefulness in addition to their 
role in the REM sleep switch. However, since orexin is critical for initiating a 
REM sleep episode, but then has no apparent influence on characteristics of 
the state itself, such as the duration, electroencephalogram (EEG) spectral 
characteristics etc., the action of orexin on pontine cholinergic REM-on cells 
is probably most important while REM sleep is not being expressed. 54 This is 
especially true during wakefulness, but also to some extent during non-REM 
sleep, in which state the pontine cholinergic cells show reduced discharge 
but do not cease firing completely. 44 As non-REM sleep progresses, therefore, 
the balance of an excitatory influence on the Wake-on/REM-off cells, which 
inhibit the pontine cholinergic REM-on cells, gradually changes to a net 
excitation of REM-on cells. In this way, orexin will inhibit the onset of an 
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episode of REM sleep, an effect that is strongest during wakefulness but con¬ 
tinues during non-REM sleep. The neuropeptide can thus be considered as an 
important influence on the normal ordered appearance of the vigilance states 
from wakefulness through non-REM sleep to REM sleep. 


4. Behavioral Arrests and Cataplexy 

The definition and clinical diagnosis of cataplexy, in both humans and animals, 
has historically been derived from observation of collapsed posture with main¬ 
tenance of consciousness. Willie and colleagues 10 provided a detailed discus¬ 
sion of the behavioral and pharmacological criteria used to define cataplexy 
across species. Summarized briefly, a cataplectic episode in the mouse can be 
characterized as a sudden behavioral arrest during ongoing motor activity, fol¬ 
lowed by an abrupt end to the episode and a return to purposeful activity. Most 
of these episodes are accompanied by an EEG pattern that is identical to nor¬ 
mal REM sleep with atonia, though some are associated with a non-REM 
sleep pattern. The non-REM sleep episodes are generally behavioral distinct 
and show a more gradual onset, having the characteristics of a sleep attack as 
clinically defined in the human. Occasionally a brief period of apparent con¬ 
sciousness is observed at the beginning of a REM sleep associated episode. 10 
This finding provided the basis for the important conceptualization that cata¬ 
plectic episodes can be initiated in the mouse as muscle atonia during wakeful¬ 
ness but that these episodes then rapidly transition to REM sleep. This 
transition is clearly very rapid and so complete in the mouse that the EEG and 
electromyogram (EMG) of essentially all such episodes of behavioral arrest are 
indistinguishable from those recorded during REM sleep. For this reason, the 
time spent in such episodes is classified as REM sleep. 

However in the rat, 8 this transition can be delayed and some episodes of 
behavioral arrest were observed, lasting for 10-20 sec, with an EEG that was 
indistinguishable from that of wakefulness, combined with muscle atonia. 
These periods therefore were more similar to episodes of cataplexy as 
described clinically. One preliminary conclusion that can be drawn from these 
data, therefore, is that the duration of the cataplectic component of these 
episodes varies with species. In comparison with the rodent, episodes appar¬ 
ently last longer in the human and canine with evidence of a more prolonged 
duration of consciousness, but frequently these episodes will also end as 
REM sleep in these species. Hence the suggestion by Hishikawa and Shimizu 58 
that cataplexy in the human is a transitional state between wakefulness and 
REM sleep, complementing an earlier accepted definition of cataplexy as a 
fragmentary manifestation of REM sleep. 

The non-REM sleep associated episodes of collapse in the mouse are 
behaviorally distinct because they show a gradual onset and a delayed (i.e., 
after at least 60 sec) tendency to progress to REM sleep. Noted particularly 
in the OX 2 R~'~ mouse, 10 these are the episodes that are most similar to sleep 
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attacks in the human and are most likely related to a deficit in arousal (i.e., the 
overwhelming sleepiness as typically described by the narcoleptic patient). An 
alternative explanation of these episodes has recently been proposed, 59 as a 
characteristic of the instability of vigilance states in narcoleptic mice. 

An additional type of abrupt cataplectic-type arrest, first identified behav- 
iorally in the orexin mouse, 6 was also found to be associated with non-REM 
sleep. However, these differed from the gradual arrest type, and the EEG 
showed the presence of spindles as this type of arrest begun. EEG spindles, 
which appear specifically during stage 2 non-REM sleep in the human, are 
episodic bursts of rhythmic, 14- to 16-Hz waves. They also occur at sleep onset 
and during pre-REM sleep in the rodent. 60 These episodes of abrupt arrest, 
behaviorally identified as cataplectic in nature, were therefore considered as 
being initiated just prior to REM sleep as indicated by the EEG. 6 Some of 
these episodes progress rapidly to REM sleep. 10 

The frequent tendency to transition very rapidly to REM sleep in the 
mouse made classification of cataplectic episodes difficult in this species ini¬ 
tially. 6 However, subsequent careful behavioral observation, 10 supported by 
studies in the rat, 8 now provide a clearer picture. Figure 4 displays a schema 
of the different forms of behavioral arrest that have been described and clas¬ 
sified in the mouse. In summary, the behaviorally characterized abrupt arrest, 
which is typically associated with REM sleep, can be initiated either with 
consciousness and atonia, or into a pre-REM spindling stage, or directly into 


/ 

Abrupt 

I 

Cataplexy 


Behavioral Arrest 


\ 

Gradual 


Sleep attack 


REM sleep 

/ \ 


Non-REM sleep 


Onset in Onset in pre- Onset in non- 

REM sleep REM stage REM sleep 

with spindles 


Figure 4. Classification of episodes of behavioral arrest as observed in the 
rodent. 6 ’ 8,10 Abrupt episodes are those that commence in REM sleep or a pre-REM 
spindling stage. Gradual arrests commence in non-REM sleep and progress, if at all, 
more slowly to REM sleep (i.e., after at least 60 sec). 
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REM sleep. This type of arrest, even if it does not begin in REM sleep, can 
transition to this stage in all species, and, in the mouse this transition occurs 
in nearly all instances and very rapidly. A second type of arrest, behaviorally 
more gradual in onset and associated with non-REM sleep, which in some 
instances shows a delayed onset (i.e., after at least 60 sec) of REM sleep, can 
clinically be likened to a sleep attack, 61 and is probably caused by an arousal 
deficit with associated rapid onset of sleepiness. This is the type of arrest that 
would be clinically described from a multiple sleep latency test (MSLT) as a 
sleep-onset REM period (i.e., SOREM). 58 62 

4.L Direct Transitions to REM Sleep and Cataplexy 

Recently, Mochizuki and colleagues 59 chose to exclude from REM sleep in 
orexin~'~ mice all episodes during which the EEG/EMG could be considered 
as indicating cataplexy. For this purpose, these authors defined cataplexy as 
all periods which began and ended in wakefulness and which demonstrated 
the EEG of REM sleep combined with muscle atonia. In previous studies in 
the mouse, for the reasons noted above, all such episodes were treated as 
REM sleep. As a result of this difference in methodology, REM sleep times 
in this study 59 are notably different from those observed in previous studies in 
orexirr mice. 610 Cataplexy was therefore not defined by Mochizuki and col¬ 
leagues 59 using behavioral criteria based on clinical observations, but entirely 
from electrophysiological criteria (i.e., direct transitions from wakefulness to 
REM sleep). While this method is convenient, use of this operational defini¬ 
tion to distinguish cataplexy from normal REM sleep produces apparent dif¬ 
ferences in REM sleep times and may also produce erroneous results. For 
example, this method assumes that periods of REM sleep that appear to be 
associated with cataplexy do not contribute to REM sleep homeostasis. This 
assumption has not been proven, and indeed, an apparent homeostatic com¬ 
pensatory decrease has been observed in light phase REM sleep as a conse¬ 
quence of increased REM sleep, including that associated with cataplexy, 
during the dark phase. 10 The data from the orexinlataxin-3 transgenic rat also 
show a compensatory decrease in REM sleep during the light phase follow¬ 
ing a dark phase increase in REM sleep. 8 Furthermore, EEG/EMG record¬ 
ings obtained from the narcoleptic rat 8 showed transitions to REM sleep 
following more evident periods of cataplexy, which appear to meet the clini¬ 
cal definition of cataplexy as a wakeful EEG combined with muscle atonia. 
In the mouse, as noted above, such episodes have been characterized but 
appear to be very limited in duration. 10 

Agreement on the method of analysis for vigilant state classification and 
cataplexy in rodents must await resolution of these issues. However, the 
result obtained by Mochizuki and colleagues 59 concerning the distribution 
of REM sleep time across the nycthemeron in narcoleptic mice impacts con¬ 
clusions drawn here about the function of orexin in the normal animal. As 
noted above, data from the orexinlataxin-3 transgenic rat 8 indicate that 
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orexin is important for suppression of the switch into REM sleep. In the 
absence of orexin, REM sleep episodes are triggered from active wakeful¬ 
ness and thus, during the active (i.e., dark) phase, the time spent in REM 
sleep is increased. REM sleep homeostasis is maintained, however, so that 
REM sleep time during the sleep (i.e., light) phase is less in the transgenic 
rat. It is important to note that the inhibiting influence of orexin on REM 
sleep episode onset is also apparent in the wild-type rat, in which the peak 
in REM sleep time occurs when orexin levels are at a minimum. 55 ' 57 The 
primary REM sleep effect of orexin is thus to inhibit initiation of the state, 
but REM sleep homeostasis remains relatively unaffected in the absence of 
orexin. However, by excluding time spent in REM sleep following cataplexy 
onset from the total REM sleep time, Mochizuki and colleagues 59 found that 
the remaining REM sleep time was only slightly elevated in the orexin 
mice to that recorded in the wild-type animals. This result allowed these 
authors 59 to suggest that sleep in the orexin-deficient mouse differs only in 
the stability of vigilance states. While murine narcolepsy-cataplexy is indeed 
associated with vigilance state instability, an independent and significant 
role in gating REM sleep episodes should not be discounted. Hence the 
absence of the neuropeptide has a net effect on the distribution of REM 
sleep across the nycthemeron. 68 

Even when cataplexy is operationally defined as direct transitions to REM 
sleep, different results are obtained from different animal models. For exam¬ 
ple, the data from the orexin!ataxin-3 transgenic rats 8 were reanalyzed by the 
same method as Mochizuki and colleagues 59 to examine this definition in 
another species. A state of “cataplexy” was therefore introduced and classi¬ 
fied whenever an epoch had the EEG/EMG characteristics of REM sleep 
and was preceded and followed directly by wakefulness. The results from this 
analysis (cf. Table 1) showed that, even when time spent in cataplexy was 
defined in such a broad manner and discounted from REM sleep time in the 
orexin!ataxin-3 transgenic rat, the conclusions of the previous study 8 with 
respect to REM sleep abnormalities were not changed. That is, the rats still 
exhibit a significant elevation of remaining REM sleep time, even over 24 hr, 
and in particular, REM sleep time was significantly increased during the dark 
phase and significantly decreased during the light phase. 


5. The Maintenance of Wakefulness 

Excessive sleepiness during the daytime is another important symptom of 
human narcolepsy-cataplexy. Since orexin was implicated in the disorder, 
several authors have proposed that the neuropeptide plays a major role in 
maintaining wakefulness and promoting vigilant attention. 18 ’ 54 ’ 63 64 In this 
section, we review currently available data that support this conclusion and 
consider the functional importance of orexin under normal circumstances 
with regard to wakefulness. 
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Table 1 . REM sleep data from Beuckmann and colleagues 8 reanalyzed according to 
Mochizuki and colleagues 59 to introduce cataplexy as a separate state. 



REM sleep 


Cataplexy b 


+/+ 

Tg/+ 

+/+ 

Tg/+ 

24 hr 

Total time (min) 

83.3 V 2.9 

89.4 V 3.6 a 

0 

5.4 V 4.6 

Episode duration (sec) 

78.2 V 2.6 

80.5 V 2.8 

- 

71.3 V 48.1 

Number of episodes 

65.5 V 3.4 

67.3 V 3.9 

- 

3.7 V 3.1 

Light phase 

Total time (min) 

50.4 V 2.6 

30.6 V 2.6 a 

0 

0 

Episode duration (sec) 

73.9 V 2.8 

67.1 V 4.8 

- 

- 

Number of episodes 

41.8 V 2.4 

27.9 V 2.6 a 

- 

- 

Dark phase 

Total time (min) 

32.9 V 2.6 

58.8 V 2.9 a 

0 

5.4 V 4.6 

Episode duration (sec) 

86.4 V 4.8 

90.7 V 2.2 

- 

71.3 V 48.1 

Number of episodes 

23.4 V 1.9 

39.2 V 2.8 a 

- 

3.7 V 3.1 


a Significant difference between wild-type (+/+) and orexin/ataxin-3 transgenic (Tg/+) rats (P < 0.01). Data 
are expressed as mean ± SEM. 

b No episodes of cataplexy according to these criteria were recorded in (+/+) rats and no episodes were 
recorded in (Tg/+) rats during the light phase. 


Orexin fibers and receptors are found in wake-promoting regions through¬ 
out the neuraxis, including the cholinergic and monoaminergic brainstem 
arousal systems and the cholinergic BF. Chemelli and colleagues 6 first noted a 
dense concentration of orexin-containing fibers around the somata of BF 
cholinergic neurons. This indicated that orexin might act not only on REM 
sleep-related phenomena but also on the maintenance of wakefulness and vig¬ 
ilance. Cholinergic BF neurons, however, are not the sole substrate for such a 
wakefulness promoting action of orexin, and orexin-containing fibers 2229 ’ 30 
and orexin receptors 6 32 were also found in other areas known to be important 
for the maintenance of wakefulness. These include the noradrenergic LC, the 
histaminergic neurons of the TMN and the cholinergic mesopontine cell 
groups. Orexin has been shown to be excitatory on many of these systems 48 65 ' 68 
and the neuropeptide promotes wakefulness when administered locally in 
these areas. 516970 Recently, Bayer and colleagues 71 have described a direct 
excitatory effect of orexin on cortical neurons of sublayer 6b, which project 
widely throughout the cortex. 72 73 Thus, in addition to the effect of orexin on 
subcortical arousal systems, it is now apparent that the neuropeptide has an 
activating influence on an important corticocortical system. 

5 . 1. Circadian Factors and Wakefulness 

The distribution of sleep and wakefulness throughout the nycthemeron 
depends on both the homoeostatic drive for sleep and the circadian phase. 74 
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The homeostatic process is determined by the extent of prior wakefulness and 
reflects the propensity for sleep. It builds up during wakefulness and dissi¬ 
pates during non-REM sleep. Under normal circumstances this factor 
reaches a maximum in the human during the evening before the beginning of 
the sleep period. The second, or circadian factor, varies with a 24 hour perio¬ 
dicity and is independent of the amount of preceding sleep or wakefulness. 
Together, these processes modulate the need for sleep and influence the bal¬ 
ance between central alertness and sleepiness. Interestingly, the circadian 
influence on sleep normally acts against the homeostatic drive at the begin¬ 
ning and end of the sleep period to consolidate sleep. The circadian pace¬ 
maker achieves this consolidation by a mechanism which, at first sight, seems 
to be in a paradoxical phase relationship to the normal timing of the sleep 
period in humans. 75 This follows from the fact that the circadian drive for 
wakefulness is greatest in the evening hours, just prior to the normal time of 
sleep onset. Conversely, the circadian drive for sleepiness is highest in the 
morning hours, just prior to the usual waking time in humans. These circa¬ 
dian signals promoting wakefulness and sleep thus consolidate sleep by act¬ 
ing, respectively, against the homeostatic drive for sleep in the evening and 
against the homeostatic drive for wakefulness in the morning. 76 The former 
signal has been termed the “circadian alertness signal”. 

In a study of narcoleptic patients, Dantz and colleagues 77 found that both 
the homeostatic drive for sleep and the circadian pacemaker were normal, but 
the circadian alertness signal, which should peak late in the active portion of 
the daily cycle, was insufficient to maintain wakefulness in these patients. This 
result implied that orexin might be integral to the circadian alertness signal, 
and the study in the orexinlataxin-3 transgenic rat 8 provided some confirma¬ 
tory data (Figure 5). When the hourly distribution of wakefulness times in the 
transgenic rat was compared with the corresponding data from the wild-type 
animals, the wakefulness deficit in the transgenic rats during the dark, or 
active, period was found to be concentrated at the photoperiod boundaries 
and in particular at the end of this period. This time corresponds closely to 
the timing, in humans, of the maximal circadian alertness signal. 75 With a 
polyphasic sleep pattern and no single consolidated wakefulness bout, a simi¬ 
lar alertness signal had not previously been investigated in the rodent. Indeed, 
no evidence has been found to date in studies of vigilance data in mice of vari¬ 
ations in wakefulness that could be linked to the photoperiod boundaries and 
showed differences in orexin mice. 10 However, these results in the rat 8 
showed that the wild-type animals demonstrated, just prior to the beginning 
of the sleep period, a significant increase in wakefulness, which was absent 
after the loss of orexin in the transgenic rats. It is known that the circadian 
variation in the orexin signal in rat brain peaks at the same time as this 
increase in wakefulness, that is late in the active portion of the daily cycle. 55 ' 57 
These findings therefore support the proposal that orexin contributes to the 
daily variation in wakefulness at the end of the active period. 78 A recent study 
in the squirrel monkey 79 is also important, especially as this species, unlike the 
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Figure 5. Hourly distribution of wakefulness time over the nycthemeron (in minutes; 
mean ± SEM) for wild-type rats and their orexin/ataxin-3 transgenic littermates 
(Tg/+). Significant differences between the genotypes are marked by an asterisk. The 
dark phase is noted by the horizontal black bar. Note that wakefulness time is similar 
in both genotypes except that increased wakefulness is seen in the wild-type rats at the 
dark phase photoperiod boundaries, particularly at the end of this phase, at a time 
when orexin levels are high. 55 * 57 


rat, normally shows an active phase characterized by a consolidated period of 
wakefulness. As in the rat, the CSF orexin levels of this primate were found to 
peak towards the end of the active phase and reach a minimum at wake onset. 
Across species therefore, central orexin levels correlate closely with a circadian 
wake-promoting or sleep-enhancing signal, suggesting that a role of varying 
orexin levels might be to oppose the accumulating or dissipating homeostatic 
sleep drive at these times. Interestingly, Zeitzer and colleagues 79 also reported 
that orexin levels remained elevated during a 4 hour forced extension of the 
wake period in the squirrel monkey. This could be taken as evidence for a 
homeostatic component to orexin levels, but an alternative explanation is the 
coupling of orexin release with ongoing motor activity that would occur dur¬ 
ing enforced wakefulness. 

As noted above, orexin has widespread interactions with all components of 
central arousal, both cortical and subcortical. To some extent, these are 
redundant parallel systems because of the critical importance of wakefulness 
and vigilant attention, but the various components of central arousal are also 
likely to play different roles under different circumstances. For example, 
under conditions of food deprivation, orexin appears to play a role in increas¬ 
ing wakefulness. 24 Mieda and colleagues 80 have also recently described a spe¬ 
cific action of orexin in the food anticipatory increase in wakefulness that 
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occurs during a restricted feeding schedule. However, under normal and 
homeostatically balanced requirements for sleep and wakefulness, as the data 
reviewed here show, the function of orexin appears to be linked with the cir¬ 
cadian alertness signal. 


6. Summary and Conclusions 

In the few years since the discovery of the importance of orexin in narcolepsy- 
cataplexy, significant insights have been gained into the mechanisms by which 
orexin influences vigilance state control. Inhibiting the onset of REM sleep 
episodes appears to be one important function. In a related effect, through the 
balance and coordination of excitatory inputs to both the REM-on and 
Wake-on/REM-off cell populations, the neuropeptide may ensure rapid and 
complete switching into REM sleep. 81 As is evident from the symptoms of 
narcolepsy-cataplexy, controlling the onset of REM sleep episodes is particu¬ 
larly critical for inhibiting direct transitions from wakefulness into REM sleep. 
The mechanism for preventing these transitions may be related to coupling 
orexin release to ongoing motor programs, since orexin release is greatest dur¬ 
ing active wakefulness. 52 This ensures that the neuropeptide is maximally 
effective at this time, when the brain states are most similar, in preventing the 
switch into REM sleep. In agreement with this suggestion, the findings in nar¬ 
coleptic rats 8 indicate that the absence of orexin creates a susceptibility to 
transition from active wakefulness to REM sleep via cataplexy. However, once 
a REM sleep episode is initiated, the absence of orexin does not appear to 
have a significant effect on the stability of the episode by inducing or prevent¬ 
ing the switch from REM sleep. This follows from the fact that the mean dura¬ 
tion of REM sleep episodes is unchanged in the narcoleptic animal, 8 despite 
the high levels of orexin in the normal animal during REM sleep. 52 

A second function for the neuropeptide implicates orexin in the circadian 
wake-promoting signal that acts in opposition to the sleep drive at the end of 
the active phase of the daily cycle. 8 77 79 As shown by narcoleptics who are 
unable to maintain wakefulness without medication, orexin is therefore nec¬ 
essary to maintain normal wakefulness later in the active phase of the diur¬ 
nal cycle. In this regard, the circadian pacemaker itself is apparently normal 
in narcoleptics, 77 suggesting that the effect of the neuropeptide is as an effec¬ 
tor pathway for the wakefulness that is linked to specific aspects of the circa¬ 
dian rhythm. 

Over the 24 hr cycle, however, the coupling of orexin release to wakefulness 
and REM sleep, 52 and thus to ongoing motor activity, would be sufficient to 
ensure the diurnal variation in orexin levels. 55 ' 57 A possible corollary is that 
orexin acts as a positive feedback on arousal during motor activity in active 
wakefulness. Furthermore, orexin levels per se can provide a basis for the 
variation in the expression of REM sleep over 24 hr. In this regard, it is inter¬ 
esting to note that McCarley and Massequoi, 82 in developing a theoretical 
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model of the REM sleep oscillator, postulated the existence of a circadian 
control factor that excited monoaminergic Wake-on/REM-off cells to pre¬ 
vent the occurrence of REM sleep and so influence the diurnal distribution 
of the state. Current data thus indicate that orexin could be such a factor. 

Orexin is involved in other functions, such as the wakefulness that follows 
a period of enforced food deprivation. 24 Other roles for the neuropeptide, so 
far unidentified, are perhaps also possible under normal conditions in a nor¬ 
mal animal. But even on the basis of the current data, questions now remain 
as to why such apparently disparate functions, involving the onset of REM 
sleep episodes and the circadian alertness signal, are performed by orexin and 
what this might inform us about the function of REM sleep. In 1939, 
Nathaniel Kleitman asserted that “when we know the exact mechanism of 
narcolepsy and cataplexy, we shall have the correct explanation of the oper¬ 
ation of the mechanism of the physiological sleep-and-wakefulness cycle”. 83 
In later writings, Kleitman 83 questioned his own assertion, but it may yet turn 
out to be one of the most prescient suggestions in sleep research. 
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The Development and Regulation 
of Expressed Rhythmicity in Infants 

Scott A. Rivkees 

1. Introduction 

Circadian rhythms are endogenously generated rhythms with a period length 
of about 24-hrs. Evidence gathered over the past decade indicates that the cir¬ 
cadian timing system develops prenatally and the suprachiasmatic nuclei, the 
site of a circadian clock, is present by mid-gestation in primates. Recent evi¬ 
dence also shows that the circadian system of primate infants is responsive to 
light at very premature stages and that low intensity lighting can regulate the 
developing clock. After birth, there is progressive maturation of the circadian 
system outputs, with pronounced rhythms in sleep-wake and hormone secre¬ 
tion generally developing after two months of age. Showing the importance 
of photic regulation of circadian phase in infants, exposure of premature 
infants to low-intensity cycled lighting results in the early establishment of 
rest-activity patterns that are in phase with the 24-hour light-dark cycle. 
With the continued elucidation of circadian system development and influ¬ 
ences on human physiology and illness, it is anticipated that consideration of 
circadian biology will become an increasingly important component of 
neonatal care. 

2. The Circadian Timing System 

Circadian rhythms are endogenously driven rhythms with a period length of 
about 24-hrs. 1 Notable examples of circadian rhythms include the sleep-wake 
cycle and daily rhythms in hormone production. Circadian rhythms are also 
involved in the pathogenesis of illnesses, such as reactive airway disease and 
myocardial infarction. 2 3 The system responsible for the generation and regula¬ 
tion of circadian rhythms is the circadian timing system. This neural system 
consists of a biological clock, input pathways, and output pathways. 1 The paired 
suprachiasmatic nuclei (SCN) in the anterior hypothalamus are the site of a bio¬ 
logical clock. The SCN are located above the optic chiasm at the base of the 
third ventricle. 4 The SCN exhibit endogenous rhythmicity and have a period of 
oscillation close to 24-hrs. 

Lesion studies in rodents provided the initial evidence that the SCN are the 
site of a circadian pacemaker. 4 In vivo and in vitro studies have since shown 
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day-night rhythms in electrical activity, metabolic activity, and gene expres¬ 
sion. Transplantation of fetal SCN cells into SCN-lesioned animals restores 
rhythmicity to the recipient further supporting that the SCN contain a bio¬ 
logical clock. 4 Circadian oscillations have been seen in individual rodent SCN 
cells, and expressed rhythmicity reflects the collective oscillations of many 
SCN cells. 5 - 6 

Because SCN oscillations are not exactly 24-hrs, it is necessary to reset the 
circadian pacemaker each day to prevent endogenous clock oscillations from 
drifting (or free-running) out of phase with the external light-dark cycle. 
Input pathways relay photic information from the retina to the SCN to syn¬ 
chronize (or entrain) the oscillations of the clock to the 24-hr light-dark 
cycle. 7 A direct pathway from the retina to the SCN, the retinohypothalamic 
tract (RHT), has been shown to be both necessary and sufficient for photic 
entrainment. 7 The raphe nucleus also influences SCN function via serotiner- 
gic projections. 7 

Output pathways are responsible for the overt expression of circadian 
rhythms. Several discrete neural pathways projecting from the SCN to several 
hypothalamic and non hypothalamic sites have been defined. 8 ' 10 

Via these pathways, the circadian system acts to broadly influence neural 
physiology. Output pathways of the circadian system also regulate the rhyth¬ 
mic production of several hormones including melatonin and cortisol. 2 ’ 3,8 ' 10 


3. The Primate Circadian System 

Several lines of evidence support that the paired SCN are the site of a bio¬ 
logical clock in primates. Similar to rodents, the primate SCN are located 
above the optic chiasm at the base of the third ventricle. 11 In contrast to 
rodents, human SCN cells are not densely clustered making the nuclei less 
visually apparent. 1113 

However, using probes for melatonin receptors and SCN peptides, the 
human SCN can be identified. 1113 Using DG, day-night oscillations in 
SCN metabolic activity have been detected in squirrel monkeys and 
baboons. 1416 

Lesion studies performed in the early 1980s suggested the presence of a cir¬ 
cadian pacemaker outside of the SCN in monkeys. 17 However, analysis of 
these reports revealed that either the completeness of the lesions was not ver¬ 
ified, or monkeys were not studied in constant conditions. 18 Reexamination 
of this issue challenges the existence of primate circadian pacemakers outside 
the SCN. 

Squirrel monkeys with total SCN lesions show a complete absence of cir¬ 
cadian rhythmicity when animals are monitored in constant conditions. 18 
Supporting that the SCN are the site of a circadian pacemaker in humans, 
tumors and congenital lesions in the SCN region result in the loss of tem¬ 
perature rhythms and organized sleep-wake patterns. 19 20 
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The RHT has been anatomically characterized in prosimian (lemurs, shrews) 
and simian (squirrel monkeys, rhesus macaques, baboons, chimpanzees and 
apes) species. 11 

This tract also has been identified in studies of postmortem human speci¬ 
mens using techniques that label degenerating retinal axons. 2122 Although it 
was suggested that cutaneous light exposure can influence circadian func¬ 
tion, 23 there is little support for the notion that there is extraretinal photore¬ 
ception in mammals. 24-26 Furthermore, other investigators have failed to 
reproduce phase shifting effects of cutaneous light exposure. 14 

Outputs of the primate circadian system have been widely characterized in 
human clinical studies. Many day-night rhythms have been documented. 2 ’ 3 5 
Several of these rhythms have been shown to persist in constant conditions 
indicating that they are true endogenously generated circadian rhythms. 
Notable examples of circadian rhythms include the sleep-wake cycle, daily 
rhythms in body temperature, and day-night rhythms in cortisol and mela¬ 
tonin production. 23 ’ 25 Day-night differences in gonadotropin, testosterone, 
growth hormone and thyrotropin secretion are also present. 27 28 


4. Development of the Primate SCN 

Although rodent studies have led to our understanding of developmental cir¬ 
cadian physiology, 27 30 notable differences between rodents and primates have 
prevented the extension of rodent data to clinical care. In general, rodents are 
more immature at birth than humans. Differences in the sensitivity to light 
and other aspects of circadian physiology between humans and rodents also 
have been observed. However, based on evidence gathered over the past 
decade, it appears that the circadian clock in the SCN forms and begins oscil¬ 
lating in utero in primates. 

In squirrel monkeys, SCN neurogenesis occurs early in gestation over days 
27-48. 31 Because monkey and human embryonic development are very simi¬ 
lar over the first 100 days of gestation, 32 it is therefore likely that the human 
SCN neurons form early in gestation. 

It is not currently known when the primate SCN are first apparent mor¬ 
phologically. Yet, using [ 125 I]melatonin and [ 125 I]SKF38393 to label the nuclei, 
the human SCN have been detected at gestation week 18 33 34 (Figure 1). 

Functional studies suggest that the primate SCN oscillate prenatally. 
Studies of squirrel monkeys reveal day-night differences in SCN metabolic 
activity at the end of gestation. 35 It is not known if SCN oscillations are pres¬ 
ent at earlier ages. The physiologic processes influenced by the fetal clock 
have yet to be elucidated in primates. 

Similar to rodents, the timing of the onset of labor and birth in humans is 
influenced by the circadian cycle with peak incidences between midnight and 
the early morning. 36 However, we do not know if the fetal clock plays a role 
in the circadian gating of birth in humans. 
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Figure 1. A. Localization of [ 125 I]melatonin binding to the SCN of an 18-week gesta¬ 
tion human fetus. Specific labeling is shown in black. B. The stained section used to gen¬ 
erate the autoradiograph in A. Reproduced by permission from ref 33 . C. Localization of 
[ 125 I]SKF38393 binding to D1 dopamine receptors in the SCN of a 20-week post con¬ 
ceptual human infant. Specific labeling is shown in black. D. Non-specific labeling. 
Reproduced by permission from ref 34 . OC, optic chiasm; ST, striatum. Arrows identify 
the SCN. 


Immunocytochemistry studies show that SCN maturation continues after 
birth. 37 The SCN contain distinct populations of neurons that express argi¬ 
nine vasopressin or vasoactive intestinal polypeptide. 37 In term infants, the 
number of vasopressinergic neurons is 20% of the number present in adults. 37 
It is not until one year of age that infants and adults have comparable vaso¬ 
pressin neuron numbers. 37 The number of vasoactive intestinal polypeptide 
containing SCN cells also increase after birth. 37 


5. Development of Primate Photic Entrainment 

A critical issue in knowing if environmental cycles need to be considered in 
the care of infants is knowing when the primate circadian system becomes 
functionally responsive to light. 

The RHT has been identified in a 36 week gestation human newborn. 38 
However, because of human study limitations, has not been possible to deter¬ 
mine if the circadian clock of human infants is functionally responsive to 
light at birth. 

Non-invasive methods used to examine regional changes in brain activity, 
such as function magnetic resonance (fMRI) imaging or positron emission 
tomography (PET), hold promise in being able to directly examine SCN 



The Development and Regulation of Expressed Rhythmicity in Infants 247 



Figure 2. Innervation of the SCN by the retinohypothalamic tract (RHT) in a new¬ 
born baboon infant. A. Low-power image showing labeling of retinal fibers in the 
optic chiasm by horseradish peroxidase. B. Adjacent tissue section showing the loca¬ 
tion of the SCN. C. High power image showing projections of the RHT into the right 
SCN. D. Autoradiographic image generated from [ 14 C]2-deoxyglocose uptake studies 
showing that light exposure at night induces increases in SCN metabolic activity. 
Areas of increased uptake are dark. Arrows identify the SCN. Scale bar = 5 mm. 
Reproduced by permission from ref. 16 


function. In human adults, we have been able to observe acute increases in 
SCN metabolic activity after light exposure at night using 18 F-DG in PET 
studies. 39 However, because of the small size of the SCN, consistent visuali¬ 
zation of SCN activity is difficult to achieve and these methods have not been 
applied to infants. 

Because of human study limitations, we have studied baboons, which are 
excellent models for human infants, to provide insights into the developing 
human clock. By monitoring changes in SCN metabolic activity and gene 
expression (Figure 2), light responsiveness can be demonstrated at birth in 
term baboon infants. 16 The presence of the RHT can also be demonstrated. 16 

By monitoring the effects of different lighting conditions on newborn 
baboon activity patterns, we have been able to show that newborn baboons 
are entrained by low intensity (200 lux) lighting. 16 These findings are similar 
to those seen in human adults showing that circadian phase can be regulated 
by low intensity (ca. 180 lux) lighting. 40 41 

Thus, it is likely that low intensity lighting, similar to that found indoors, 
can regulate the developing primate clock. To determine when photic respon¬ 
siveness first occurs in primates, we have also studied premature baboon 
infants. 42 To our surprise, we find that the SCN are functionally innervated 
by the retina at stages equivalent to 25 wks post-conception human infants 42 
(Figure 3). 

The primate circadian system is therefore sensitive to light in very prema¬ 
ture infants when postnatal survival with intensive support becomes possible. 
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Figure 3. Autoradiograph images of preterm baboon brain sections showing SCN 
DG uptake after light exposure at night. Animals shown were PC 160 or 125 and were 
either blindfolded or directly exposed to light. The images are obtained from mid- 
SCN levels. Arrows identify the SCN image. Reproduced by permission from ref 42 . 


6. Development of Expressed Rhythmicity 

The development of expressed rhythmicity has received attention in both 
human and nonhuman primates. During pregnancy, day-night rhythms are 
observed for a variety of hormones (esterone and progesterone) and physio¬ 
logical parameters (uterine contractility) in mothers. 43,44 In human fetuses, 
day-night rhythms in heart rate, respiratory rate, and adrenal steroidogenesis 
have been detected. 43,44 However, these rhythms appear to be driven by the 
mother. 

When term human infants are examined, day-night rhythms are difficult to 
detect in the neonatal period. 39,45 ' 47 Consolidated periods of activity and rest 
are not generally observed until after the first or second month of life. 
Activity plots of human newborns reveal that sleep is generally distributed 
over the 24-hr day during the first few weeks of life (Figure 3). At 6 wks of 
age, infants are awake more during the daytime than at night. By 12 wks of 
age, daytime sleep duration decreases further and much more sleep occurs at 
night. Importantly, although consolidated periods of rest and activity are not 
apparent until more than one to two months after birth, day-night differences 
in activity can be detected as early as one week of age in some babies. 

At the age when day-night differences in infant activity become clearly 
apparent, day-night rhythms in hormone production are observed. Day-night 
rhythms in melatonin production can be detected at 12 weeks of age. 48,49 
Circadian variation in cortisol levels appears between after 3-6 months of 
age. 50 ' 52 With advancing age, circadian rhythms have been detected for a vari¬ 
ety of other hormones and circulating factors. 53 

Because infant care influences activity patterns, it is possible that pat¬ 
terns of developing circadian rhythmicity in human infants reflect influences 
of caregivers rather than endogenous rhythmicity. Thus, to characterize 
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the development of expressed rhythmicity in primates, we have exam¬ 
ined the development of expressed rhythmicity in newborn baboons raised 
in constant conditions (continuous dim lighting, evenly spaced care) 16 . 
Similar to human infants, baboon infants do not manifest clear day-night 
differences in activity patterns in the early neonatal period (Figure 4). Yet, 
at one month of age, day-night differences in activity patterns are observed. 
Developing primate rhythmicity thus reflects maturation from a state of rel¬ 
ative arrhythmicity to rhythmicity over the first few months of life. 

As in rodents, it appears that infant circadian phase is synchronous with 
that of the mother in baboon and human infants. However, in some humans 
and baboons. 16 ’ 54 infant phase may be out of synchrony with that of the 
mother at birth. Thus, whereas there is maternal-infant synchrony of circa¬ 
dian phase in most primates, it may not be universal. 


7. Rhythmicity in Premature Infants 

The large number of premature infants hospitalized for extended periods has 
greatly facilitated studies of rhythmicity in preterm infants. Over the past 
decade, studies of patterns of infant activity, heart rate, temperature, and 
sleep state have not surprisingly flourished. 55 



Figure 4. Rest-activity patterns of a newborn human (A) and a baboon (B) infant 
(right). Double-plotted actograms are shown. In A, dark bars represent sleep. In B, dark 
bars represent activity. Please note that the circadian phase of the baboons infant was 
shifted by exposure to a 200 lux reversed light-dark cycle at 30 days of age, and much 
less so by 50 lux of exposure at 55 days of age. Reproduced by permission from ref. 16 
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Several of these studies have revealed the presence of ultradian rhythms 
(rhythms with period lengths of much less than 24 hrs). Endogenously driven 
circadian rhythms, however, are not clearly apparent. 

When temperature and heart rate are studied beginning at a postconcep- 
tual (PC) age 24-29, circadian rhythmicity is generally not apparent even at 
17 weeks after birth. 56 Studies of preterm infants at PC 32 weeks, have failed 
to detect day-night differences in sleep patterns whereas some differences are 
noted in term infants 57 . 

Analysis of temperature, heart rate, and activity patterns at PC 35 weeks 
have revealed ultradian rhythms, but no clear cut circadian rhythms. 57 ' 59 
Because feeding and physical contact influence infant temperature, heart 
rates and activity patterns, it is likely that infant care schedules drive the 
ultradian rhythms seen in preterm infants. These interventions may also 
mask the detection of circadian rhythms. 


8. The Yale Neonatal Entrainment Study 

Following the discovery that the primate circadian clock is responsive to 
light in very premature infants, we next assessed the effects of photic 
entrainment on premature infants. 60 In these studies, the development of 
rest-activity patterns was examined in human preterm infants exposed to 
continuous dim lighting or low-intensity cycled lighting before discharge 
from hospital to home. 

In general, day/night differences in rest and activity are not apparent in 
hospitalized control infants (Figure 5), whereas day/night differences in rest 
and activity are seen in experimental infants. Over the first ten days at 
home, distinct day/night differences in activity are not seen in controls, but 
experimental infants are more active during the day than at night. It was 
not until 21-30 days after discharge that day/night activity ratios in control 
infants match those seen in experimental infants shortly after discharge. 
Yet, even at this age, experimental infants are considerably more active dur¬ 
ing the day as compared to control infants. Despite the differences in rest- 
activity patterns among groups, no differences in weight gain or change in 
head circumference are seen. 

These observations show that exposure to low-intensity cycled lighting 
for 10 days before discharge induces distinct patterns of rest/activity in 
preterm infants that are in synchrony with the light-dark cycle that 
they will encounter at home. These effects are even more pronounced 
as soon as the child is discharged to home. In contrast, the appearance 
of rest/activity patterns in synchrony with the solar light-dark cycle is 
delayed in infants that have been exposed to continuous dim lighting in the 
hospital. 
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Figure 5. Actograms of rest-activity in representative infants exposed to cycled light¬ 
ing in the (top panels) or constant dim light (bottom panels). Dark bars represent 
activity; the same activity scale is used in each plot. The time of day is shown on top. 
The thick dark line in middle of plots depicts the date of discharge. Note that distinct 
patterns of rest and activity in the infants are more apparent after discharge in infants 
exposed to cycled lighting than dim lighting before discharge from the hospital. In 
infants exposed to dim lighting, day-night differences in rest-activity patterns in syn¬ 
chrony with the light-dark cycle are generally not apparent until about 20 days after 
discharge from the hospital. 


9. Other Studies of Lighting and Infants 

Potential influences of cycled lighting on premature infants have been the 
subject of a few previous studies. In the Stanford Cycled Lighting Study, dif¬ 
ferences in circadian rhythms in temperature were not detected among 
infants exposed to either continuous dim lighting or cycled lighting before 
discharge. 58 ’ 59 ’ 61 These infants were studied 1 and 3 months after discharge. 
Because we observe that infants in both groups manifest similar circadian 
phase by 30 days of age, treatment effects on the rhythm of core body tem¬ 
perature may no longer be distinct after one month of age. 

Other investigators have suggested that exposing infants to light/dark 
cycles improves infant weight gain. Mann and co-workers found that expo¬ 
sure to light/dark cycles before discharge resulted in better weight gain and 
more sleep over the 24-hour day than did chaotic lighting patterns. 62 These 
effects were seen 6 weeks after discharge and not sooner 62 . Because of this lag 
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period, it has been suggested that the observed effects were not a direct result 
of cycled lighting exposure on the infant. 61 More recently, it has been sug¬ 
gested that exposing infants to light/dark cycles improves the in-hospital 
growth of babies if exposure occurs before 36 weeks of age. 63 Yet, the infants 
in near-darkness group in this study appeared more ill than the other groups. 
Considering that it is difficult to detect circadian activity in premature 
infants. 39 64 the potential mechanisms by which lighting could directly influ¬ 
ence the growth of premature infants is not clear. By studying infants that 
were closely matched at enrollment, we failed to observe influences of light¬ 
ing on growth either in-hospital or at home. 

Previous studies have suggested that day/night rhythmicity is not apparent 
in prematurely born babies until nearly one month after term-birth age equiv¬ 
alency is reached (>42 weeks postmenstrual age). 58 ’ 59 ’ 6165 These conclusions 
have been based on 24-48 hour assessments of rectal temperature and/or sleep 
patterns. However, using actigraphy to continuously monitor rest-activity pat¬ 
terns, we find that circadian phase can be detected in infants exposed to cycled 
lighting as early as a postmenstrual age of 34 weeks. 

In our previous studies of non-human primate infants reared in constant 
conditions, we also found that day/night differences in rest and activity were 
apparent shortly after term birth. 16 Most importantly, we find that day/night 
differences in activity could be detected several weeks before it was possible 
to detect circadian rhythms in core temperature using internal telemetry 
devices. 16 Thus, analysis of rest activity patterns may provide the earliest 
index of developing circadian rhythmicity in infants. 

10. Nursery Lighting Practices 

The practice of nursery lighting has changed over the past several decades with¬ 
out a clear basis. Cycled lighting was often used in the hospital nurseries in the 
fifties and sixties. Yet, continuous bright lighting became favored when isolettes 
and neonatal intensive care units were introduced in the seventies. In reaction to 
continuous bright light, continuous dim light was introduced in the eighties and 
nineties, along with covering infant isolettes with blankets and quilts. 

Although continuous dim lighting is the current practice in most nurseries 
in the United States, the scientific basis for this practice is not clear. 66 It has 
been suggested that ambient lighting may contribute to eye disease in prema¬ 
ture infants. 67 Yet, rigorous clinical studies have failed to show adverse effects 
of low intensity lighting on premature infants. 68 70 

Investigators who propose a NIDCAP (Neonatal Individualized 
Developmental Care Assessment Program) have suggested that since the 
womb is dark, infants should be dark-reared. 71 This approach overlooks the 
fact that prenatally the infant is exposed to maternal time-of-day cues that 
synchronize the fetal clock with the external light/dark cycle. 29 Rearing 
premature infants in the dark thus deprives babies of the time-of-day 
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Figure 6. Schematic representation of primate circadian system development based 
on studies of non-human primates. Estimated human ages are given. 


information that they would have received during full gestation. Data also 
show that the NIDCAP approach does not improve developmental outcome 
or sleep of premature infants 72 . Thus, a rational approach considering the 
importance of circadian rhythmicity and environmental lighting cycles is 
needed in the care of hospitalized infants. 


11. Summary 

Increasing evidence indicates that the circadian timing system is a funda¬ 
mental homeostatic system that potently influences human behavior and 
physiology throughout development (Figure 6). 

After birth there is progressive maturation of the circadian system with 
day-night rhythms in activity and hormone secretion developing between one 
and three months of age. Recent evidence shows that the circadian system of 
primate infants is responsive to light at very premature stages and that low 
intensity lighting can regulate the developing clock. With the continued elu¬ 
cidation of circadian system development and influences on human physiol¬ 
ogy and illness, it is anticipated that consideration of circadian biology will 
become an increasingly important component of neonatal care. 
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Sleep and Circadian Rhythm 
of Melatonin in Smith-Magenis 
Syndrome 

Helene De Leersnyder 


1. Introduction 

Smith Magenis syndrome (SMS), is a rare genetic disease emblematic of neu- 
rodevelopmental disorder. Clinical features include mild dysmorphism, short 
stature, developmental delay and abnormal behavior. Severe sleep distur¬ 
bances and maladaptive daytime behavior were linked to abnormal circadian 
rhythm of melatonin. SMS is the demonstration of biological basis for sleep 
disorder in a genetic disease. 

First described by Ann Smith et al in 1982 12 , SMS is a contiguous gene 
deletion syndrome ascribed to interstitial deletion of chromosome 17 
(17pll.2). 3 ’ 4 Its prevalence is estimated to 1/25,000 live births, however, due 
to recent delineation, most persons with SMS having been identified in the 
last 10 years, the prevalence could reflects under ascertainment. All cases 
occur de novo, there is no parental imprinting. 


2. Clinical Features and Diagnosis Criteria 

Several distinctive features characterize the phenotype of Smith-Magenis syn¬ 
drome, 5 including brachycephaly with a characteristic craniofacial appear¬ 
ance (midface hypoplasia, mouth characteristic with cupid’s bow, 
prognatism), ocular abnormalities (myopia and strabismus, iris anomalies), 
speech delay with or without hearing loss, hoarse deep voice, short stature 
with history of failure to thrive, brachydactyly, peripheral neuropathy (pes 
cavus or planus, depressed deep tendon reflexes, insensitivity to pain), scolio¬ 
sis. Other variable features include cardiac defects, renal abnormalities, 
seizures, cleft palate, low immunoglobulins and thyroxin defect. All patients 
have some degree of developmental delay and mental retardation. IQ scores 
range between 20 and 78, most falling in the moderate range of 45-55. 
Behavioral problems 6 include consistently aggression, self injurious behav¬ 
iors, temper tantrums, impulsivity, repetitive behavior, hyperactivity with 
attention deficit. Low sensitivity to pain could be consistant with bilateral 
lenticulo-insular anomalies detected in MRI and PET. 7 Severe sleep distur¬ 
bances 8 and unusual circadian rhythms are constant features of the syndrome. 
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The diagnosis is based on clinical features and confirmed on high resolu¬ 
tion karyotype with detectable deletion of 17pl 1.2 and by fluorescence 
in situ hybridization (FISH) probe specific for SMS. 9 ’ 10 Most patients have 
a common deletion interval of 4-5 megabases. However, deletions have 
ranged from < 2 to > 9 megabases, and mutations in RAI1 (Retinoic Acid- 
Induced gene) were shown 11 in individuals who have phenotypic features 
consistent with SMS. 


3. Night and Day Sleep Disturbances in Smith-Magenis 
Syndrome 

Significant symptoms of sleep disturbance are seen in all persons with SMS 
and have a major impact on the child and other family members, many of 
whom become sleep deprived themselves. Questionnaires, sleep consultations, 
sleep diaries and actimetries revealed sleep disturbance in most SMS subjects. 
All patients go to bed easily after a short bed-time ritual. Bedtime is similar 
at 8-9 p.m. (range 6.45 pm to 10 pm) regardless of age and sex. The duration 
of night sleep average 7.50 hrs (range: 5-9 hrs), decline with age and is slightly 
shorter than that of aged matched patients. All SMS persons consistently 
wake up 1-3 times per night and fell back asleep within 30 minutes or more. 
Once awaken, they are hyperactive. This behavior force parents or care keep¬ 
ing to constantly look after them and to devise artifices to keep them in the 
bedroom by night (lock the door, switch light, remove furniture and objects). 
The mean wake-up time is 5.30 a.m. (range 2:00 am to 7:00 am). Behavioral 
problems correlate with night sleep insufficiency. Most patients exhibit morn¬ 
ing tiredness when normally circadian vigilance is high. They have temper 
tantrums when tired and naps (more than 30 min) during the day, regardless 
of age. Most interestingly, they consistently have “sleep attacks” at the end of 
the day, as they suddenly fall asleep during evening meals even with fulfilled 
mouth. 

The 24 hours-polysomnography, correlated with actimetry and sleep 
diaries, reveal a reduced total sleep time in 57% of the patients 8 . All sleep 
stages are present but 3-4 non rapid eye movement (NREM) sleep is 
reduced. REM sleep is disrupted and arousal with increased tonic EMG 
activity is frequent. Awakenings (more than 15 minutes) occurred in 75% of 
cases. 

Interestingly, all SMS patients display a phase shift in their circadian 
rhythm of melatonin 1244 (Figure 1). Indeed, time at onset of melatonin secre¬ 
tion in SMS is 6 am ±2 (controls : 9 pm ±2). Peak time is at 12 pm± 1 (con¬ 
trols : 3.30 ami 1.30) and melatonin offset is at 8 pm± 1 (controls : 6 ami 1). 
Melatonin peak value rises 94ipg/ml (controls: 76 pg/ml). Irregular levels of 
melatonin are noted during the day with a second peak between 6 and 8 p.m. 
(45 pg/ml i 32) and the total duration of melatonin secretion is protracted 



Figure 1. Circadian variation of plasma melatonin in 8 Smith-Magenis children and 
controls. Solid lines = SMS children aged 5-6 years (panels 1 -3), 7-8 yrs (panels 4-6), 
12 yrs (panel 7) and 17 yrs (panel 8). Dotted lines = age-matched controls. Aged- 
matched controls were healthy children or adolescents hospitalized for small stature, 
with normal results of cortisol, GH and melatonin values. 
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in SMS, 15.5 hrs±3.5 (controls : 8 hrs±l). Similarly urinary melatonin and 
6-sulfatoxymelatonin revealed an inverted night/day ratio. 

Cortisol follows an usual circadian secretion and is in normal range. 
Growth hormone (GH) and prolactin follow an usual circadian secretion and 
are in normal range. 

Patients with SMS have a phase shift of the circadian melatonin rhythm of 
9.6 ±0.9 hours 15 but not a full reversal of the circadian melatonin rhythm. 
This disorder does not affect entrainment and pacemaker of other endocrine 
functions. 

Interestingly, the abnormal circadian rhythm of melatonin parallels sleep 
disturbances and abnormal day behavior in SMS (Figure 2). During the night, 
early sleep onset, frequent awakenings and early sleep offset are consistent fea¬ 
tures of the disease and are highly specific diagnostic criteria in SMS. The 
sleep attacks occurring at the end of the day may represent in fact the endoge¬ 
nous sleep onset of the patient that could be regarded therefore as equivalent 
to a sleep phase advance. According to this hypothesis, the endogenous sleep 
onset time would be masked by the imposed social activities. 

During the day patients are tired in the morning and tantrums appear 
when melatonin rise. Naps and sleep attacks occur when melatonin peaks at 
midday and in the evening, respectively. 

Considering that behavioral problems correlate with the abnormal circa¬ 
dian rhythm of melatonin in SMS, it is tempting to hypothesize that at least 
part of hyperactivity and attention deficit occur because the patients strug¬ 
gled against sleep, when melatonin rise during the day. 

This is particularly relevant for child behavior. For ethic reasons, no experi¬ 
ence of free-running sleep has been reported in Smith-Magenis syndrome 



Figure 2. Sleep-wake patterns correlated with melatonin secretion in SMS. 
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today, but we can expect that if they were allow to do so, patients would sleep 
during the day and remain awaken during the night. Interestingly children 
travelling transmeridian clinically reset their clock and sleep well for a few 
nights. 

4. Hypothesis Concerning Melatonin Dysfunction 

Melatonin, the main hormone of the pineal gland, is synthesized from sero¬ 
tonin. Its synthesis and release are stimulated by darkness and inhibited by 
light. Light or dark entrainment proceed through the retino-hypothalamic 
tract (RHT) to reach the suprachiasmatic nuclei (SCN) of the anterior hypo¬ 
thalamus. 16 ’ 17 SCN contain biological clocks, which are endogenous pace¬ 
makers generating circadian rhythms entrained by environmental stimuli. 
A number of clock genes controlling circadian rhythms have been recently 
identified in higher eukaryotes. 18 Their expression shares common features 
across species, 19 it oscillates with a 24-hr rhythm and persists in the absence 
of environmental cues. It is reset by changes in light/dark cycle and undergoes 
negative feedback that down-regulates their activity. Considering that clock 
genes are expressed in a circadian pattern in SCN, one can hypothesized that 
haploinsufficiency for a clock gene could account for sleep disturbance in 
SMS. The Perl gene, which maps to chromosome 17pl2 is not deleted in 
SMS. Interestingly, subunit 3 of the COP9 signal transduction complex 
( COPS3 ) maps within the SMS critical region in 17pl 1.2. 20 COP9 is essential 
for the light control of gene expression during plant development and is con¬ 
served across species. It has been shown that the gene for subunit 3 of the 
COP9 signal transduction complex, COPS3 , is expressed in transformed 
lymphoblastoid cell lines of SMS patients. However, haploinsufficiency in 
one gene probably does not play a significant role with respect to melatonin 
phase shift in SMS, there may be an age dependant penetrance or variability 
of the expression of the phenotype. 

Circadian rhythmicity not only involves clock genes but also requires an 
input signaling pathway for detection of exogenous signals (zeitgeber) and 
their transmission to SCN via the RHT, and the output signaling pathway of 
postganglionic fibers ascending to the pineal gland is required to maintain 
melatonin secretion under the control of the SCN. 21 Consequently, the inver¬ 
sion of the circadian rhythm of melatonin in SMS may also result from an 
alteration of the input/output-signaling pathway (e.g. photic entrainment in 
the retina/RHT or (31 -adrenergic signaling transduction to the pineal gland). 
Yet, how melatonin acts on sleep is presently unknown. It may modify brain 
levels of monoamine transmitters, thereby initiating a cascade of events cul¬ 
minating in the activation of sleep. Actually, the mechanism of this quanti¬ 
tatively normal but rhythmically abnormal melatonin secretion in SMS is not 
known. 
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5. Treatment of the Inverted Rhythm of Melatonin 
in Smith-Magenis Syndrome 

Melatonin, the main hormone of the pineal gland, entrained by light-dark 
cycles, is normally secreted during the night. Interestingly, all SMS patients 
have a phase shift of their circadian rhythm of melatonin, with a diurnal secre¬ 
tion of the hormone. Tantrums and tiredness occur when melatonin rises and 
patients have naps and sleep attacks when melatonin peaks at midday and in 
the evening, respectively. Considering that behavioral problems and night sleep 
insufficiency in SMS may correlate with the inverted circadian rhythm of mela¬ 
tonin, we hypothesized that at least part of hyperactivity and attention deficit 
might occur because the patients struggle against sleep, when melatonin rises 
during the day. Sleep disturbances are extremely severe and difficult to manage. 
These observations are particularly relevant to therapeutic approaches in SMS. 
Indeed, melatonin administration alone is not necessarily warranted, 22 as the 
amount of secreted hormone is largely normal but its kinetic is erratic. 

An original therapeutic approach including blockade of endogenous mela¬ 
tonin signaling pathways combined with on-time exogenous melatonin admin¬ 
istration was studied in patients aged 6-18 years. 23,24 Because the circadian 
rhythm of melatonin is controlled by the sympathetic nervous system, SMS 
patients were given acebutolol, as pj-adrenergic antagonists reduce the produc¬ 
tion of melatonin. 25 A cardiac and pneumologic examination was performed 
before trial. After a morning Pj-adrenergic antagonists administration, plasma 
melatonin levels rapidly decreased in all SMS patients. Mean melatonin levels 
fell from 68 pg/ml to 8 pg/ml after drug administration. Individual melatonin 
levels decreased 3-20 folds, remained low from 8 am to 6 am the next day and 
rised again from 6 to 8 am prior to drug administration (Figure 3). 

With this treatment, day behavior markedly improved. While untreated 
patients had 1-3 naps/day and frequent sleep attacks at the end of the day, 
beta-blocker administration resulted in the disappearance of naps and sleep 
attacks. The explosive tantrums (1-2 each day) were less frequent (1 or 2 per 
week) and could be easily managed. Parents, teachers, friends and unin¬ 
formed neighbors noted a more appropriate behavior. 

Before treatment SMS patients had a poor concentration ability (less than 
10 minutes, even for the eldest), while they could concentrate 30-60 min or 
more for parlor game, computer activity, looking TV, gardening or little jobs 
at home when given beta-blockers. For the children, teachers acknowledged 
a better concentration during school time and they were reported to be qui¬ 
eter and less hyperactive. Home and social behavior improved but remained 
problematic. No significant increase of cognitive performance was observed. 

The combination of morning P,-adrenergic antagonist and evening mela¬ 
tonin administration restored plasmatic circadian melatonin rhythmicity, 
improved behavioral disturbances and enhanced sleep in SMS. Studies were 
conducted with a control release (CR) melatonin. 24 After a single dose of 
exogenous melatonin, plasmatic melatonin levels rapidly peaked and slowly 
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Figure 3. Circadian variation of plasma melatonin before (Jl) and after morning 
beta adrenergic antagonist administration (J2-J3) and controled release melatonin 
administration (J3). 


decreased thus mimicking the effects of endogenous melatonin on circadian 
rhythm. Mean melatonin levels raised from 12.7 ±10,6 pg/ml to 2189 ±1800 
pg/ml two hours after drug administration. Individual melatonin levels 
increased 170 folds, remained high from 10 pm to 2 am, and slowly decreased 
till 6 am (Figure 3). Mean sleep onset was delayed by 30 minutes, sleep offset 
by 60 minutes and the mean gain of sleep was 30 min. Sleep awakenings dis¬ 
appeared in most cases and wake-up time was delayed. 

Patients no more wake up during the night and EEG recordings confirmed 
a more regular sleep stage organization and a rapid access to sleep stage 3-4. 
Sleep was deep and quiet and day/night life was dramatically improved. No 
desensitisation was observed over a 3 years period of drug administration. 
Finally, no side effects of Pj-adrenergic antagonists or melatonin were noted 
and all parents and care giving are convince for continuation of the treatment. 


6. Conclusions 

Smith-Magenis syndrome is a rare genetic disorder ascribed to interstitial 
deletion of chromosome 17 (17pl 1.2). SMS is also a circadian disorder with 
extreme phase shift of melatonin secretion. This is the first biologic model of 
sleep and behavioral disorders in a genetic disease. 
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Elucidating pathophysiological mechanisms of behavioral phenotypes is 
particularly relevant to therapeutic approach in genetic diseases. Indeed, in 
SMS where the circadian rhythm of melatonin is shifted, ^-adrenergic 
antagonists combined with evening melatonin administration restore a circa¬ 
dian rhythm of melatonin, suppress inappropriate diurnal melatonin secre¬ 
tion and improve sleep and behavioral disorders. 
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Melatonin in Circadian Rhythm 
Sleep Disorders 
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Daniel P. Cardinali and M. J. Thorpy 


1. Abstract 

Normal circadian rhythms are synchronized to a regular 24 hr environmen¬ 
tal light/dark (L/D) cycle. Both suprachiasmatic nucleus (SCN) and mela¬ 
tonin are essential for this adaptation. Desynchronization of circadian 
rhythms as occurs in chronobiological disorders result in severe disturbances 
of sleep. The Circadian rhythm sleep Disorders (CRSDs) include delayed 
sleep phase syndrome (DSPS), Non 24 hr sleep/wake rhythm disorder, jet lag 
and shift-work. Depression also shows circadian rhythm disturbances. 
Disturbances in the phase position of plasma melatonin levels have been 
documented in all these disorders. Whether this melatonin disruption is a 
cause or a consequence of the disorders is not known. Further research of a 
larger number of patients with CRSDs can help to determine the associa¬ 
tion. At present there appears to be a role of endogenous melatonin in the 
pathophysiology of these circadian rhythm sleep disorders. Exogenous mela¬ 
tonin is useful in treating the disturbed sleep-wake rhythms seen in DSPS, 
Non 24 hr sleep/wake rhythm, Shift-work sleep disorder, jet lag and in 
depression. The magnitude and direction of the shift of the sleep-wake 
rhythm depend upon the time of melatonin onset. In most of these con¬ 
ditions an abnormal phase position of melatonin rhythm has been docu¬ 
mented. 

2. Introduction 

Circadian Rhythm Sleep disorders (CSRD) have become the major focus 
of attention in recent years. Major industrial, air and train accidents have 
been generally attributed to inefficient handling of situations by individuals 
suffering from malfunctioning the circadian time keeping system. 1 Decrease 
in nighttime alertness and performance coupled with poor day time sleep 
as seen in night shift workers is the main cause for increased number of 
accidents seen during night shift. Sleep-related vehicle accidents are twenty 
times higher at 0600 h than at 10.00 h. 2 Working at the time of circadian 
trough associated with loss of sleep exerts a negative impact on work per¬ 
formance. 3 
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Synchronization of the sleep/wake rhythm and the rest/activity cycles with 
L/D cycle of the external environment is essential to maintain man’s normal 
mental and physical health. 4 The hormone melatonin formed mainly in the 
pineal gland, is essential for this physiological adaptation. 5 Indeed drastic 
alterations in the secretion of melatonin with disturbance of its rhythmicity 
have been shown to underlie circadian rhythm disorders. 6 7 Shifting circadian 
rhythms back to normal in these disorders is associated with the correct tim¬ 
ing of melatonin rhythm. 8 

According to Arendt 9 melatonin serves as the window to view the func¬ 
tioning of the “internal clock ”, the circadian time keeping system of the body. 
In this chapter the role of melatonin in circadian sleep rhythm disorders, such 
as the non-24 h sleep/wake rhythm disorder seen in blind human subjects, 
DSPS, shift work sleep disorder, jet lag, and depression is discussed. An 
understanding of the role of melatonin in circadian rhythm disorders will 
demonstrate how melatonin can be used to resynchronize the desynchronized 
sleep/rhythm disorders. 1012 


3. Circadian Rhythms 

Circadian rhythms (circa = about; dies = day) are rhythms that are close to 
24 h in period length and are the most thoroughly explored biological 
rhythms. The medical implications of these rhythms have been well studied 
recently. De Mairan provided the first scientific evidence that self-sustained 
oscillators endogenously generate these rhythms. 13 He showed that leaves of 
mimosa plant open during daytime and close at night even when the leaves 
were placed in complete darkness. Self-sustained oscillators have become rec¬ 
ognized as “Biological clocks ”. By using ablation, transplantation or electro- 
physiological studies it has been shown that the suprachiasmatic nucleus 
(SCN) of the hypothalamus acts as the main biological clock in all animals, 14 
as well as in human beings, 15 for the generation of circadian rhythms. 
Circadian rhythms differ from other daily rhythms in having a free running 
period that can be entrained by a Zeitgeber (time cue). In the absence of 
temporal cues like such as the light/dark (L/D) cycle circadian rhythms free 
run and can be readjusted to 24 h by light acting through the monosynaptic 
retinohypothalamic (RHT) pathway. 1415 Human beings have an endogenous 
free running period slightly longer than 24 h. 

If the circadian pacemaker were not adjusted the timing of endogenous 
rhythms would lose up to an hour a day with respect to clock time of the 
day. 16 Abnormal phase positions and severe disturbances in sleep/wake circa¬ 
dian rhythms have become prominent features of the circadian rhythm dis¬ 
orders 17 ' 22 (Figure 1). 

These disorders do not respond well to conventional methods of treat¬ 
ments such as the use of hypnotics but respond to therapeutic manipulations 
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Figure 1. Schematic representation of the human circadian rhythm sleep disorders. 
L/D = light/dark. Modified from Dr. J. Redman, Monash University, Australia. 


based upon chronobiologic principles such as the use of phototherapy or 
melatonin. 22 ' 25 Melatonin can alter the timing of mammalian circadian 
rhythms and can reset disturbed circadian rhythms to their correct phase 
position. 26 Hence melatonin is termed as a “ chronobiotic” or an “internal 
Zeitgeber” 21 


4 . Melatonin 

Melatonin is synthesized primarily in the pineal gland of all animals and 
man. Synthesis also occurs in the retina, enterochromaffin cells of the gut, 
and erythrocytes in humans. 28 Most of the biosynthesis occurs only at night. 
The rate-limiting enzyme N-acetyl transferase (NAT) correlates closely with 
melatonin production. 
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The circadian rhythm of melatonin production is regulated by SCN, 29 but 
its duration, phase, and amplitude are influenced by changes in L/D cycles. 
The retinohypothalamic tract conveys information about the L/D cycle to the 
SCN (Figure 2). Ganglionic photoreceptor cells containing melanopsin in the 
retina are involved in the perception of light that regulates melatonin synthe¬ 
sis. The most effective wavelength that suppresses melatonin production is in 
the blue light range of 460-470 nm. 30 

The parenchyma of the mammalian pineal gland is predominately composed 
of a group of cells called pinealocytes. Pinealocytes take up the essential amino 
acid L-Tryptophan (Trp) from the circulation (Figure 3). Although the trans¬ 
port system for Trp into the pinealocytes has not been made clear yet; the incor¬ 
porated Trp is hydroxylated to 5-hydroxytryptophan (HTrp) by Tryptophan 
Hydroxylase (TH or TPH; EC 1.14.16.4), that requires tetrahydrobiopterin 
(BH4) as a co-factor to hydroxylate its amino acid substrate. Subsequently, 
HTrp is decarboxylated to 5-Hydroxytryptamine (5HT; Serotonin) through the 
action of aromatic-L-amino acid decarboxylase (AAAD; EC 4.1.1.28). 
Serotonin-N-acetyltransJerase (SNAT or NAT or AA-NAT; EC 2.3.1.87), which 
regulates the rate of melatonin biosynthesis in the pineal gland, catalyzes the 
acetylation of 5HT to N-acetylserotonin (NAS). 
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Figure 2. Photic regulation of melatonin. 
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Figure 3. Schematic diagram of the biosynthetic and regulatory pathways of mela¬ 
tonin and indole metabolism in the mammalian pineal gland. Melatonin is synthe¬ 
sized from L-tryptophan by the consecutive action of four (TH, AAAD, NAT, 
HIOMT) separate enzymes: TH = Tryptophan hydroxylase ; AAAD = L-aromatic 
amino acid decarboxylase ; NAT = N-acetyl transferase ; HIOMT = hydroxyindole-O- 
methyltransferase. 


Finally, a methyl group from S-adenosylmethionine is transferred to NAS by 
hydroxyindole-O-methyltransferase (HIOMT; EC 2.1.1.4), and NAS is con¬ 
verted to 5-methoxy-N-acetyltryptamine (melatonin). The resulting melatonin 
is highly nonpolar because the charged 5-hydroxy and amine groups in 5HT 
are obliterated by the action of SNAT and HIOMT. One of the alternative 
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metabolic pathways of 5HT is its oxidative deamination to 5-hydroxyindole 
acetaldehyde catalyzed by monoamine oxidase (MAO; EC 1.4.3.4) and is fol¬ 
lowed by the rapid conversion to 5-hydroxyindole acetic acid (HIAA) and 
5-Hydroxytryptophol (HTPL). Another pathway is the methylation of 5HT 
to 5-methoxytryptamine (5MT) catalyzed by HIOMT. HIOMT also catalyzes 
the methylation of HTrp, HIAA, and HTPL to 5-methoxytryptophan (MTrp), 
5-methoxyindole acetic acid (MIAA) and 5-methoxytryptophol (MTPL), 
respectively (for review see 31 ’ 32 ) 

In most mammalian species studied, the content of melatonin and its pre¬ 
cursor, NAS, in the pineal gland, show clear circadian changes with the high¬ 
est level occurring during the dark period. This elevation of melatonin and 
NAS amounts observed in the dark period is due to the elevation of SNAT 
activity and the expression of the SNAT gene. 33 TPH activity also displays a 
diurnal rhythmicity, with distinct nocturnal elevations, regulated by circadian 
clock. 31 On the other hand, the 5HT amount in the pineal gland shows circa¬ 
dian changes opposite to the melatonin and NAS rhythm. These circadian 
changes of 5HT amount in the pineal gland may relate to its cyclic produc¬ 
tion from Trp, metabolism to NAS and release from the pinealocytes. The 
pineal levels of HIAA, MIAA, HTPL, and MTPL also show circadian 
changes parallel with the 5HT rhythm. 34 ’ 35 

Once formed, melatonin is not stored in the pineal gland but is immedi¬ 
ately secreted into the bloodstream. Melatonin binds mostly to plasma 
albumin. 36 Melatonin then passes through the choroid plexus to the cere¬ 
brospinal fluid (CSF). Melatonin in plasma exhibits a circadian rhythm 
and is reproducible from day to day and from week to week and is almost 
like a “hormonal finger print ' that can be reflected both in saliva and in 
urine. 37 In human beings plasma melatonin begins to increase steadily 
after 7.00 PM to 11.00 PM and reaches the peak value between 2.00 AM 
to 4.00 AM. The level then declines reaching a low level during daytime. 
The rhythm is well preserved from childhood to adulthood but in old age 
the night level reduces, which may be a contributing factor to insomnia 
seen in old age. 38 

Melatonin exerts its physiological actions such as the regulation of circa¬ 
dian rhythms or sleep induction, by acting through specific receptors present 
on cell membranes. Subtypes of melatonin receptors (MT1, MT2) have been 
identified in the plasma membrane of neural and peripheral tissues. Both 
receptors have been cloned and share general features with other G protein 
linked receptors. 39 MT 3 receptors homologous to quinone reductase 2 40 and 
nuclear 41 receptors for melatonin have also been described. Melatonin also 
exerts direct effects on intracellular proteins like calmodulin 42 and have 
strong free radical scavenger properties, 43 exerted in a non-receptor mediated 
way. 

Within the SCN, melatonin reduces neuronal activity in a time-dependent 
manner. In rodents, the effects of melatonin on SCN activity are mediated by at 
least two different receptors. They are insensitive during the day, but sensitive at 
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dusk and dawn (MT2; causes phase shifts) and during early night period (MT1; 
decreases neuronal firing rate). 39 ’ 44 Melatonin secreted during nighttime provides 
enough inertia to resist minor perturbations of the circadian timing system. 


5. Circadian and Homeostatic Regulation 
of Sleep/Wakefulness 

Sleep stages vary in a cyclic fashion that repeats approximately every 90 minutes. 
It consists of two forms namely slow wave sleep (SWS), and rapid eye movement 
(REM) sleep. A normal sleep cycle begins with light non-REM sleep going 
through four stages to slow wave sleep and then passes through the same stages 
in a reverse order approaching stage REM sleep in about 90 minutes. The daily 
sleep/wake cycle is strongly influenced by two separate processes. (1) an endoge¬ 
nous biological clock that drives the circadian rhythm of sleep/wake cycle 
(known as Process-C) and (2) a homeostatic component (Process S) that influ¬ 
ences the sleep propensity depending upon the prior sleep/wakefulness and 
quality and duration of previous sleep episodes. 45 These two processes con¬ 
stantly interact with each other and it is not easy to separate the contribution of 
these two processes in sleep regulatory mechanisms. 46 However by using a forced 
desynchrony model , the contribution of these two processes on the regulation of 
sleep/wake have been studied. From these observations it has become evident 
that the homeostatic process drives slow wave and REM sleep is driven by cir¬ 
cadian the component. 46 It is interesting to note that the pineal hormone mela¬ 
tonin plays a definite role both in sleep induction mechanism and regulation of 
the circadian component of sleep/wakefulness by acting on MT1 and MT2 
receptors present on the SCN. 44 The temporal pattern of melatonin production 
by the pineal gland also correlates well with timing of human sleep. Melatonin 
secretion is initiated approximately 2 h before an individual’s habitual bedtime 
and correlates with the onset of evening sleepiness 47 According to Zhdanova 
and Tucci 48 melatonin’s direct sleep promoting effect and a circadian regulating 
component of the sleep may occur jointly or separately. Melatonin induces 
sleep even when administered in physiologic doses (3-5 microgram) and is help¬ 
ful in sleep maintenance as well. 49 50 In normal adults maximal sleep occurs at 
the time of low point in temperature rhythm and as melatonin is a major reg¬ 
ulator of the circadian rhythm of core body temperature (cBT) in humans 51 
there is every reason to designate melatonin as a physiological regulator of 
sleep mechanism. 52 


6. Melatonin and Sleep/Wake Rhythm 

The relationship between melatonin production and occurrence of sleep at 
night prompted investigators to suggest that melatonin is involved in the 
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physiological regulation of sleep. 53 That the evening rise of circulating mela¬ 
tonin is associated with an evening increase in sleep propensity has been well 
demonstrated. 54 

According to Wehr and co-workers 54 the switch process “dusk” and “dawn” 
is associated with melatonin onset and offset and also corresponds to the 
period of increase and fall of sleep propensity and the rise and fall of cBT. 
Exogenous melatonin administration can induce sleepiness at night even at 
very low doses. 49 Unlike some other hypnotic drugs, melatonin does not cause 
hangover effects the next morning. Melatonin may consolidate sleep by pro¬ 
moting interaction between sleep homeostasis and circadian rhythms 55 in eld¬ 
erly insomniacs. 56 

The peak of melatonin secretion occurs at the time of maximal sleepiness, 
whereas the nadir occurs at the peak of core body temperature, alertness and 
performance. 57 In the genetic disorder, Smith-Magenis syndrome, increased 
melatonin production occurs during daytime and is associated with inade¬ 
quate nighttime sleep. 

Administration of a beta adrenergic blocking agent suppresses both day¬ 
time melatonin and daytime sleepiness thereby supporting the involvement of 
melatonin in sleep mechanisms. 58 

7. REM Sleep and Melatonin 

Rapid eye movement sleep (REM), also known as paradoxical sleep, 
occurs every 90 minutes and was first reported by Kleitman and coworkers in 
1953. 59 Each REM sleep episode lasts around 20 to 30 minutes. The amount 
of REM sleep, its continuity, polarity, are all under strong circadian control 
by the SCN. 55 ’ 60 At nighttime melatonin has been shown to act by transduc¬ 
ing and amplifying the circadian drive of the SCN. Melatonin intake restored 
the REM sleep percentage, as well as REM sleep quality accompanied by 
improvements in clinical symptoms, in patients with REM sleep behavior dis¬ 
order. 61 It also increased the amplitude of temperature decline during night¬ 
time. From these studies it is evident that melatonin helps to increase the 
output amplitude signal from SCN. 62 Thus if exogenous melatonin is admin¬ 
istered at specific time, it can be beneficial in normalizing nighttime REM 
sleep. As the greatest increase in endogenous secreted melatonin occurs dur¬ 
ing the sleep time, melatonin administration at that time can supplement the 
sleep promoting effect of endogenous melatonin. 62 


8. Chronotyping of Individuals 

Two different types of people with specific circadian sleep characteristics 
have been described, namely Morning types {Larks) and Evening types 
{Owls). These are called chronotypes and have been identified based upon the 
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timing of their circadian phase. The self-report of the circadian phase can be 
evaluated by the administration of Horne-Ostberg Morningness- 
Eveningness Questionnaire (MEQ). 63 The Owl people go to sleep mainly past 
midnight while Lark people go to sleep around several hours earlier. 

Morningness-Eveningness (M-E) score is a significant predictor of the cir¬ 
cadian phase of cBT rhythm. 64 A significant association between M-E type 
and time of peak melatonin levels also has been found. 19 Evening type indi¬ 
viduals have been found well suited for night shift work. 65 While some stud¬ 
ies have indicated a correlation between MEQ scores and physiological 
measures of circadian phase, the reliability of MEQ score in assessing the 
phase of the circadian oscillator awaits further investigation. 66 While 10% 
MT, 10% ET and 80% of either type were found in European population, 
75% MT, 16% ET and 9% of either type has been reported in human popu¬ 
lation living in tropical climatic conditions. 65 


9. Delayed Sleep Phase Smdrome 

Weitzman and his co-workers 67 first identified delayed sleep phase syndrome 
(DSPS), which is mainly encountered in young individuals. 68 69 A common 
sleep/wake disorder that accounts for 10% of cases of chronic sleep disorders, 
DSPS is due altered physiological timing of our biological clock. 70 The sleep 
onset time and wake time are delayed. 71 The sleep onset is delayed in some 
cases to between 02.00 h and 06.00 h in the morning. Neither sleep architec¬ 
ture nor the maintenance of sleep is affected. 72 However, persons suffering 
from this disorder experience chronic sleep onset insomnia and forced early 
awakening results in daytime sleepiness. It has been shown that the peak 
melatonin secretion occurred between 08.00 h and 15.00 h in some DSPS 
patients demonstrating the abnormal phase position of melatonin in this 
sleep disorder. 72 

9.1. Clinical Correlates 

The characteristic combination of symptoms of DSPS includes (a) chronic 
inability to fall asleep at desired clock time (b) a normal sleep pattern with a 
sleep of normal length and the ability to awaken spontaneously refreshed; 
and (c) a history of unsuccessful attempts to treat the problem. The minimal 
criteria for the diagnosis of DSPS includes delayed sleep onset for at least a 
month or excessive sleepiness with sleep log evidence of delayed sleep. When 
the patient is allowed to sleep undisturbed, the delayed sleep is of normal 
length and quality. In addition, 24-hour polysomnography or temperature 
monitoring should be consistent with this history, and the patient should 
have no other insomnia disorder. 73 The usual criteria of being unable able to 
go to sleep before 2.00 AM and difficulty in waking up before 10.00 AM for 
at least a year should be present. 


278 V. Srinivasan, et al. 


A high sensitivity to light has been reported in 47% of patients suffering 
from DSPS and this super sensitivity to light could be involved in the patho¬ 
physiology of this disorder. 7174 Patients with DSPS also have disturbances of 
other circadian rhythms such as body temperature, growth hormone and cor¬ 
tisol secretion, as well as hunger. 75 The subjects can have their “breakfast” at 
noon, “lunch” in the evening and “dinner” in the middle of the night. 69 

9.2. Causes and Prevalence 

DSPS is the most frequently occurring circadian rhythm sleep disorders 
(CRSD). 76 Dagan and Eisenstein 69 found that 83.5% of 322 CRSD patients 
were of the DSPS type. The prevalence of DSPS in adolescence is more than 
7%. 77 * 80 The onset of CRSD occurred in early childhood in 64.3%, the begin¬ 
ning of puberty in 25.3%, and during adulthood in 10.4% among DSPS. 69 
Even a minor brain injury or a head trauma can act as a trigger for the devel¬ 
opment of DSPS. 81 DSPS can also follow whiplash injury. 8283 Frequently 
occurring jet lag or frequently occurring shift-work are risk factors for devel¬ 
oping DSPS. 7184 Regenstein reported that 75% of their patients had severe 
symptoms or a prior history of depression. 72 DSPS persists even after remis¬ 
sion of the depression suggesting that DSPS may be a cause rather a conse¬ 
quence of depression. Some patients developed a chronic fatigue 
syndrome-like clinical picture with late melatonin onset following viral infec¬ 
tion suggesting that viral encephalitis could be a cause of DSPS. 85 

9.3. Pathophysiology 

The endogenous circadian period length that is the internal cycle in the 
absence external timing information, may be increased. The sleep/wake cycle 
depends on a number of endogenous physiological parameters such as cBT, 
melatonin, cortisol, and other hormonal and metabolic profiles. 75 Therefore, 
a change in the timing of the intrinsic body clock can result in the develop¬ 
ment of a delayed sleep-wake rhythm as is seen in DSPS. 20 Longer endoge¬ 
nous circadian periods may underlie the preference of youth for late 
bedtimes. 70 An insufficient exposure to outdoor sunlight can also underlie the 
cause of DSPS. 8 A delayed melatonin secretory pattern with peak melatonin 
secretion, sometimes delayed until daytime could also underlie DSPS. 7 86 

Archer et al.investigated the link between delayed sleep phase syndrome 
and a length polymorphism in the PER3 clock gene. 45 They found that the 
length of the PER3 repeat region identifies a potential genetic marker for 
DSPS. This finding has been supported by number of other studies. 87 * 89 

9.4. Treatment Modalities 

A procedure known as chronotherapy involves systematic delay of bedtimes 
and wake times over a period of days until the desired bedtime is achieved. 
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Once achieved, strict adherence to the new sleep/wake cycle is critical for 
maintaining a positive response. 6790 Although effective, chronotherapy is 
demanding and compliance is low. 

Following the successful application of bright light for resetting the 
endogenous pacemaker, bright light treatment was used (>2500 lux) in the 
treatment of DSPS. 91 The time of administration is important as phase 
advances are induced when light exposure is scheduled after the minimum of 
body temperature, and phase delays are induced when light exposure is 
scheduled before the minimum of cBT. Accurate assessment of the minimum 
body temperature can be difficult. As the maximum of the 24-hour melatonin 
secretion corresponds with the minimum of the 24-hour cBT, salivary mela¬ 
tonin measurement can be taken as a good index for determining the best 
time for exposure to bright light. 92 The duration of exposure to bright light 
in the treatment of DSPS differs from that used to treat other chronobiolog- 
ical disorders. 

Rosenthal and co-workers used bright light of 2500 lux to treat DSPS. 93 
Exposure to bright light daily for 2 h from 6.00 AM to 9.00 AM and then 
shielding the subject’s eyes from sunlight by asking them to wear dark gog¬ 
gles for a period of one week advanced the sleep onset time and also 
improved daytime alertness. Pharmacological methods of treatment have 
been reported. 74 ’ 94 Vitamin B12 has been shown in case reports to benefit 
patients with DSPS. 6695 As melatonin has proven to be an effective 
chronotherapeutic drug with few side effects, melatonin has become the drug 
of choice for treating DSPS. 

9 . 5 . Melatonin in the Treatment of DSPS 

As exogenous administration of the pineal hormone melatonin has been 
shown to reset the biological clock, several investigators have used melatonin 
to treat DSPS patients. Dahlitz and co-workers were the first to report a 
placebo-controlled study that demonstrated the efficacy of melatonin in the 
treatment of DSPS patients. 9697 Melatonin was administered orally in the 
dose of 5 mg at 22.00 h to a group of 8 patients suffering from DSPS for a 
period of 4 weeks. In this study, it was noted that melatonin significantly 
advanced the sleep onset time by an average of 82 minutes with a range from 
19 to 124 minutes. The mean wakefulness time also advanced by 117 minutes. 

Though the total duration of sleep remained unaltered (mean about 8 h) 
after melatonin treatment, there was significant improvement in sleep quality. 
Just as the effect of bright light depends on the time of its application, mela¬ 
tonin also needs to be administered at an appropriate time. Lewy et al 98 found 
that when melatonin was administered 5 h before endogenous melatonin 
onset, it advanced circadian time maximally. Therefore Nagtegaal et al. 99 
administered melatonin 5 h before the onset of evening rise of endogenous 
melatonin (DLMO; 6 dim-light melatonin onset’) for a period of 4 weeks and 
found phase advancement of sleep/wake rhythm. The onset of the nocturnal 
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melatonin profile was found to be phase advanced by 1.5 h. Following this 
report, Kayumov et al., administered melatonin to a group of 22 patients with 
DSPS who had their sleep time restricted to 24.00 h to 08.00 h. 7 Melatonin in 
the dose of 5 mg/day was administered 3 to 4 h before sleep onset for a period 
of 4 weeks. Melatonin significantly ‘phase advanced’ the sleep period, and 
decreased sleep onset latency as compared to placebo. No adverse effects of 
melatonin were noted in this study. In addition it was also found that exoge¬ 
nous melatonin normalized the circadian pattern of melatonin excretion in 
three of the five patients who had abnormal melatonin production, with peak 
melatonin excretion occurring between 08.00 h and 15.00 h. 

Melatonin also was shown in placebo-controlled studies to be effective in chil¬ 
dren with idiopathic chronic sleep onset insomnia, which is related to child onset 
DSPS. 65 100 Many studies demonstrated the efficacy of melatonin in the treat¬ 
ment of DSPS. 71 The time of melatonin administration is the most crucial fac¬ 
tor in correcting the phase abnormality of sleep/wake rhythm seen in patients 
suffering from DSPS. Melatonin may be the best treatment for DSPS, especially 
when combined with exposure to bright light in the morning. 92 Melatonin was 
found to be useful in treating sleep disorders following head injury. 101 

10. Advanced Sleep Phase Syndrome 

As age-related advances, changes in sleep patterns can, in part, be attributed 
to changes in the functioning of the circadian oscillator. 20 102 103 The charac¬ 
teristic pattern of Advanced Sleep Phase Syndrome (ASPS) includes com¬ 
plaints of persistent early evening sleep onset and early morning 
awakenings. 104 Typically in ASPS, sleep onset occurs at around 08.00 PM and 
wakefulness occurs at around 03.00 AM. 105 The quality of sleep is associated 
with increased awakenings occurring during night. 106 The ability to maintain 
correct phase relationships among circadian rhythms is disturbed possibly 
due to attenuation of the melatonin rhythm. 107 

Recently Leger et al. 108 in studies undertaken in 517 human subjects aged 
55 years and above noted a significant decline in 6-sulfatoxymelatonin excre¬ 
tion in subjects suffering from insomnia.9.0 microgram/night compared to 
18.0 microgram/night seen in other subjects of the same age group. 
Melatonin replacement therapy in the dosage of 2 mg as controlled release 
tablets, Circadin, improved sleep quality significantly, in patients suffering 
from insomnia. Improvement in alertness and behavioral integrity was also 
noted in these subjects. From this study the authors concluded that decline in 
melatonin production associated with age impairs the sleep ability. 108 They 
also concluded that melatonin promotes sleep perhaps through circadian 
entraining effects rather than by sleep-regulating effect (Figure 4). 22 

The genetic testing of ASPS families by a number of investigators has shown 
that ASPS is also a familial disorder. So far in the world five families have been 
studied and they all provided evidence to support that ASPS is also an inherited 
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Figure 4. Schematic diagram of the mode of action of melatonin in elderly insom¬ 
niacs. 

sleep-wake rhythm disorder. 89 103 104 ’ 109111 An autosomal dominant mode of 
inheritance of ASPS has been documented in these studies. An interesting find¬ 
ing in some of the studies is that there is not only an advancement of sleep-wake 
rhythm but also an advancement of melatonin rhythm as well. 104109 

The familial ASPS gene hPer 2 has been localized near the telomere of the 
chromosome 2q. 89 Human Per 2 comprises 23 exons and study of the 
sequences of exon 17 in a large family with advanced sleep phase syndrome 
revealed that in the exon 17, a substitution of serine at amino acid 662 with 
glycine occurred. 89 

The genetic testing undertaken by Reid et al. demonstrated that mutation 
of other genes may also lead to the alteration of sleep-wake rhythm such as 
ASPS and DSPS. 104 In a recent study undertaken by Zucconi, 109 on a large 
family with 32 members, 8 were found to have clinical history of ASPS with 
four members exhibiting definite ASPS. These subjects also showed advance¬ 
ment of DLMO (18.30 h) compared to one healthy control that had DLMO 
at 22.00 h. Thus alteration in the function of clock genes has been docu¬ 
mented as one of the major causes of CRSDs. 

Administration of exogenous melatonin was effective in not only improv¬ 
ing the sleep quality but also in improving the sleep/wake rhythm in both eld¬ 
erly human subjects and elderly patients suffering from Alzheimer 
Dementia. 112115 Asayama and co-workers found melatonin to be effective in 
not only prolonging sleep time but also in reducing activity at night. 115 A 
severe disturbance of melatonin secretion has been reported in patients suf¬ 
fering from senile dementia of Alzheimer’s type. 116 Exogenous melatonin 
administration has been found useful in improving the sleep/wake rhythm in 
these patients with out causing any side effects. 112 ' 115 
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11. Jet Lag 

Rapid transmeridian flight across several time zones results in a temporary 
mismatch between the endogenous circadian rhythms and the new environ¬ 
mental L/D cycle. 117 As a result endogenous rhythms shift in the direction of 
the flight; an eastbound flight will result in a phase advance of rhythms while 
westbound flight will result in phase delay. 12 As different rhythms take differ¬ 
ent times to re-establish their normal phase relationship, a transient desyn¬ 
chronization of circadian rhythms occurs giving rise to symptoms such as 
altered (and transient) sleep pattern (e.g., disturbed night time sleep, 
impaired daytime alertness and performance), mood and cognitive perform¬ 
ance (e.g. irritability and distress), appetite (e.g. anorexia), along with other 
physical symptoms such as disorientation, fatigue, gastrointestinal distur¬ 
bances and light-headedness that are collectively termed as Jet lag. 12118119 

A number of reports have been published proving the efficacy of exogenous 
melatonin in alleviating the symptoms of jet lag, especially the sleep distur¬ 
bances, both in placebo controlled field studies, as well as in laboratory stud¬ 
ies. 120121 Melatonin has been shown to act both as a hypnotic and a chronobiotic 
(for review, see 122 ). Recommended melatonin ingestion times have been pro¬ 
posed for both for east and westward flights. Melatonin capsules taken in the 
evening at by local time in the new time zone have been found beneficial for trav¬ 
eling in both directions, irrespective of the timing of flight departure. 123124 

Recent studies have shown that jet lag has a negative impact on athletic 
performance. 3 To accelerate resynchronization after transmeridian flight, 
athletes have resorted to take of various pharmacological agents. In a study 
on the effects of exogenous melatonin in soccer athletes 125 intake of mela¬ 
tonin (3 mg/day) at expected bedtime in Tokyo immediately after leaving 
Buenos Aires (12 time zone flight), combined with adequate exposure to sun¬ 
light with performance of physical exercise after reaching Tokyo, helped the 
athletes to overcome the consequences of jet lag. A positive correlation 
between the preflight melatonin production rate and sleep quality and morn¬ 
ing alertness after flight was also noted. 125 These studies on the use of mela¬ 
tonin in athletes show that it is a potentially useful agent for improving 
athlete’s performance after transmeridian flight. 


12. Shift-Work Sleep Disorder 

In our modern industrialized society, a large number of workers are engaged 
in work schedules that involve either daytime or night work. It has been esti¬ 
mated that at least one fifth of total global work force operates in rotating 
shift work. These individuals are forced to forego their nocturnal sleep while 
they are on a nightshift, and sleep during the day. This inversion of the 
sleep/wake rhythm with work at night at the low phase of the circadian tem¬ 
perature rhythm and sleep at the time of peak body temperature has given 
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rise to insomnia like sleep disturbance. Sleep loss impairs the individual’s 
alertness and performance that affects not only work productivity but also 
has been found to be a major cause for industrial and sleep related motor 
vehicle crashes. 2 ’ 126 Sleep related crashes occur most commonly in the early 
morning hours (0200-0600 h). 2 The loss of sleep is reported in night shift 
workers, even when engaged in day work soon after the onset of night shift. 127 
Sleep deprivation and the associated desynchronization of circadian rhythms 
are common in Shift-work sleep disorder. 

Many treatment procedures have been advocated. Czeisler and co-workers 
administered bright light for improving the physiological adaptation of the cir¬ 
cadian rhythms of night-shift workers to their inverted sleep/wake schedules. 128 
In this study bright light was found effective in resynchronization of alertness, 
cognition, performance, and body temperature to the new work schedules. 
Following the successful application of bright light, melatonin has been used in 
shift workers to accelerate adaptation of their circadian rhythms and sleep/wake 
rhythms to the new work schedules. Folkhard et al. published a report in which 
melatonin administration at the morning bedtime following a night shift was 
shown to be effective in not only improving the duration and quality of day time 
sleep, but also in improving alertness while on work during the night shift. 129 

A phase delay in plasma melatonin was noted in shift workers when mela¬ 
tonin was administered at the morning bedtime following the night shift. 130 The 
shift in melatonin secretion has been associated with increase in work per¬ 
formance as well. 131 Correctly timed administration of melatonin is advocated 
for hastening adaptation of circadian rhythms in shift-workers. 57 As melatonin 
administration in the evening (16.00 h) does not affect daytime sleepiness and 
mood, Rajaratnam et al. recommend the use of melatonin in situations where 
there is misalignment of the circadian clock to with external time cues such as 
with shift work. 132 Melatonin (1.5 mg at 16.00 h) was able to advance the tim¬ 
ing of both endogenous melatonin and cortisol rhythms without causing any 
deleterious effects on endocrine function or daytime mood and sleepiness. 
Combinations of both bright light and melatonin could also be an effective and 
reliable strategy for treating shift work disorder. 57 

13. Non 24-hour Sleep/Wake Disorder 

Non 24-hour Sleep/wake disorder is seen mostly in blind human subjects 
since their sleep/wake cycle is not synchronized to the 24-hour L/D cycle. 
These subjects suffer from recurrent insomnia and daytime sleepiness. The 
circadian rhythm of sleepiness has shifted out of phase with the desired time 
for sleeping. 133 Melatonin has been shown to phase shift the human circadian 
system, by an advance or delay, according to phase response curve changes 
both at physiological and pharmacological doses. 120 Therefore, melatonin has 
been employed to correct right abnormal sleep/wake rhythms in blind human 
subjects. 
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Two groups of investigators have reported that melatonin treatment com¬ 
pletely synchronizes sleep/wake cycle to a 24-hour cycle in blind human sub¬ 
jects. 134135 Lockley and his co-workers 134 phase advanced the rhythms to the 
correct position in three totally bind persons by using 5 mg of melatonin. 
Sack and his co-workers 135 administered 10 mg of melatonin for 3 to 9 weeks 
to 7 totally blind persons and found that melatonin was effective in inducing 
phase-advances of the sleep/wake rhythms by 0.6 h/day. On reaching com¬ 
plete entrainment, the dose was gradually reduced and synchronization of 
sleep/wake rhythms to the normal 24 hr day schedule was maintained with a 
low dose of 0.5 mg that resulted in plasma melatonin concentrations close to 
the physiological range. In this study the authors were able to show that the 
beneficial effects of melatonin could be attributed not only to its entrainment 
properties but also to its direct soporific effects. According to Arendt, the 
maintenance of synchronization of circadian sleep/wake rhythms with mela¬ 
tonin at physiologic concentrations supports the concept that melatonin 
forms an important part of human circadian system. 136 

The prevalence of Non 24-hour Sleep/wake disorder among sighted 
patients is unknown, but believed to be rare. Fewer than 50 cases have been 
reported in the world literature, the vast majority from Japanese publica¬ 
tions. 66137138 Only 9 cases have been documented outside of Japan and these 
have been predominantly male and associated with avoidant or schizoid per¬ 
sonalities. 139 ' 142 Non 24-hour Sleep/wake disorder is a rare sleep disorder 
among sighted patients in Western populations. Only 3 patients were seen 
over a span of about 20 years in a sleep clinic that services a yearly average 
of over 500 patients, a small percentage of which are circadian rhythm disor¬ 
ders (Dr. Kayumov, personal communication). In the Japanese population it 
has been estimated that Non 24-hour Sleep/wake disorder comprises 23% of 
all circadian rhythm sleep disorders. The prevalence of circadian rhythm dis¬ 
orders in this population (0.13-0.4%) 76 143 is consistent with that observed in 
other populations. 80 

It is likely that this sleep disorder is rare in Western populations because it 
is under-diagnosed. Diagnosis is complicated by the fact that at times Non 24- 
hour Sleep/wake disorder can resemble both ASPS and DSPS and in fact 
exhibit the same polysomnographic features. A recently completed 
polysomnographic study was performed on 22 untreated DSPS patients. 144 
During imposed sleep periods (from 24:00 to 8:00 h) the main findings were 
delayed sleep onset latency (averaging one hour), abnormal distribution of 
SWS across the night with the highest amount of deep sleep in the early morn¬ 
ing hours, short sleep duration (less than 6 hours) and increased amount of 
intervening wakefulness. The patients with non-24-h sleep/wake disorder 
displayed almost identical polysomnographic features since the baseline 
recordings were performed during delayed phases of their cycles. The fact that 
exogenous melatonin entrained the sleep cycles of the patients strongly sug¬ 
gests that the primary defect is a failure of the circadian clock to entrain nor¬ 
mally to the environmental L/D cycle. Patients with non-24-h sleep/wake 
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disorder demonstrate a psychiatric co-morbidity, such as depression, which 
may result from years of living out of synchrony with the rest of society. 


14. Sleep/Wake Rhythm and Mood Disorders 

Circadian rhythm disturbances, including sleep/wake rhythm disturbances, 
occur in endogenous depression, manic-depressive psychosis and seasonal 
affective disorder (SAD). Insomnia commonly occurs in patients suffering from 
endogenous depression, and REM sleep has been shown to occur early in the 
sleep episode. 145 In addition there is a phase advance of other physiological 
parameters such as prolactin and growth hormone secretion, cBT, and the nadir 
of cortisol secretion. Many rhythms are phase advanced by two to three hours. 

Early work of Wetterberg 146 revealed that depression could be linked bio¬ 
chemically to disturbances in melatonin production and secretion. Low noc¬ 
turnal melatonin levels have been reported in patients with depression. 147148 
Manic-depressive disorder may be due to disturbances in the timing of the 
phase position of circadian rhythms. 145 Melatonin secretion in these patients 
has been found to be abnormal and detection of an abnormal melatonin 
rhythm may give a biochemical clue to the presence of this disorder even 
before the clinical manifestations. 149 Patients with manic-depressive illness 
can exhibit a circabidian sleep/wake rhythm with sleep loss completely for 
one night, between two nights of normal sleep. 145 

In SAD or winter depression, recurrent episodes of depression occur dur¬ 
ing the winter months, and euthymia or hypomania occurs during the sum¬ 
mer. 150 Most circadian rhythms are phase delayed in this disorder. Delayed 
onset of melatonin rhythms may be one of the key factors for the onset of 
SAD. 149 Patients suffering from SAD are more sensitive to dawn and distur¬ 
bances in circadian rhythms may underlie this disorder. 151 

Bright light treatment has been used successfully in treating SAD. Morning 
exposure to bright light (2500 Lux) phase advanced all circadian rhythms. In 
addition, Exposure of SAD patients to natural sunlight in the morning hours 
for a period of one week caused complete remission of depressive symp¬ 
toms. 151 It has been suggested that retinal-SCN-pineal gland disturbances can 
account for SAD. 152 

The hypnotic property of melatonin was evaluated in a group of depressed 
patients, in which administrations of slow-release melatonin was found to be 
effective in improving sleep but not improving the symptoms of depression. 153 
Similar findings were made in an open study using a fast release melatonin 
preparation. 154 In a recent study of patients suffering from major depression, 155 
it was found that both serum melatonin and urinary 6-sulfoxymelatonin were 
phase-shifted as compared to normal controls. Depressed patients exhibited 77 
minutes peak time delay of serum melatonin secretion as compared to controls 
matched to age, gender, and season. The study confirms a shift in melatonin 
secretion in major depression. 155 
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15. Conclusions 

Normal circadian rhythms are synchronized to a regular 24 hr environmen¬ 
tal L/D cycle. Both SCN and melatonin are essential for this adaptation. 
Desynchronization of circadian rhythms as occurs in chronobiological disor¬ 
ders result in severe disturbances of sleep. Common CRSDs are DSPS, 
ASPS, Non 24 hr sleep/wake rhythm disorder, Jet lag, and shift-work. 
Depression exhibited also circadian rhythm disturbances. Disturbances in the 
phase position of plasma melatonin levels have been documented in all these 
disorders. Whether this melatonin disruption is a cause or a consequence of 
these disorders is not known. Further research with of a large number of 
patients with circadian rhythm sleep disorders can help determine the associ¬ 
ation. However, at present there appears to be a role of melatonin in the 
pathophysiology of these circadian rhythm sleep disorders. 

Melatonin has been found useful in treating the disturbed sleep/wake rhythms 
seen in DSPS, Non 24 hr sleep-wake rhythm, Shift-work sleep disorder, jet lag 
and depression. In most of these conditions an abnormal phase position of 
melatonin rhythm has clearly been documented. Recently ASPS has been found 
to be a familial disorder, the familial ASPS gene being localized near the telom¬ 
ere of the chromosome of 2q. In these disorders, both the sleep/wake rhythm 
and melatonin secretion have been found to be phase advanced. 
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The Role of Melatonin in Sleep 
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1. Abstract 

Sleep, a state marked by lessened consciousness, lessened movement of the 
skeletal muscles, and slowed-down metabolism, has an essential restorative 
function and an important role in memory consolidation. Sleep is an 
orchestrated neurochemical process involving sleep promoting and arousal 
centers in the brain. Sleep propensity depends on the amount of sleep dep¬ 
rivation and on the circadian clock phase. Typically, humans sleep during 
the dark phase of the 24 h cycle. Insomnia is a symptom, resulting from 
insufficient sleep or sleep of poor quality. Insomnia is the most prevalent 
sleep complaint in the general population affecting about 27% of adults, 
and 10% in the general population reporting the symptoms as serious. The 
most commonly prescribed insomnia medications are the benzodiazepines 
and non-benzodiazepines GABA-A receptor modulators. These drugs typ¬ 
ically shorten the latency to sleep, but are associated with sedation, 
anterograde amnesia, rebound, abuse potential, dependence, and toler¬ 
ance, are indicated for short-term use and do not treat non-restorative 
sleep. Melatonin, the hormone secreted at night for the pineal gland, is a 
physiological sleep regulator in humans. Administration of melatonin to 
blind people who free run in the absence of the light cue and to subjects 
with delayed sleep phase syndrome is useful to attain synchronization of 
the sleep/wake cycle with the external night period. Aging is associated 
with increase in the prevalence of insomnia and decrease in melatonin pro¬ 
duction. Insomnia patients aged 55 years and older produce significantly 
less melatonin than younger adults and many of them produce lesser 
amounts than normal for their age. Administration of melatonin, in a pro¬ 
longed release formulation to mimic the physiological release of the hor¬ 
mone, has proven effective in the improvement of sleep quality and 
daytime alertness in insomnia patients aged 55 years and over. Melatonin 
therapy may be less effective in patients producing timely and sufficient 
amounts of the hormone endogenously. Melatonin is not associated with 
the side effects of GABA-A modulators and thus represents a new para¬ 
digm is sleep medicine. 
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2. The Neurophysiology and Neurobiology of Sleep 

Sleep is a ubiquitous phenomenon in the animal kingdom. The sleep need is 
remarkably standardized in both quality and quantity and, if disturbed, 
results in problems during wakefulness. A prominent hypothesis implicates 
sleep in the plastic cerebral changes that underlie learning and consolidation 
of memory. 1 Sleep is associated with characteristic changes in central nerv¬ 
ous activity as measured by polysomnography (electro-encephalogram, 
EEG; electromyogram, EMG; electrooculogram, EOG). Based on these sig¬ 
nals sleep is divided into two distinct states known as non-rapid eye move¬ 
ment sleep (NREM) stages 1, 2, 3, 4 and rapid eye movement sleep (REM). 
Due to the EEG signals recorded during the NREM stages 3 and 4 (slow, 
high-amplitude waves in the frequency range below 4 Hz), these stages are 
also known as slow-wave sleep (SWS). NREM and REM sleep occur in a 
roughly 90 minute cycle, which is repeated 5 to 6 times a night. Each sleep 
cycle contains a non-REM period (or slow-wave sleep) and the REM period. 
However, the balance between the states shifts during the course of the night 
from NREM sleep predominance during the first ninety-minute cycle, to 
predominance of REM sleep in the final cycle of the night. Recent findings 
link NREM sleep to restoration of performance and REM sleep for consoli¬ 
dation of memory. 2 3 

Humans normally sleep at night. The timing and propensity of sleep are 
thought to reflect two interacting processes: 4 1) an accumulated sleep need 
(S), that is manifested by increase in sleep propensity after sleep deprivation 
and decrease during sleep. 2) A circadian process (C) controlled by an 
endogenous pacemaker, which is basically independent of sleep and waking. 
Process C determines the times of onset and termination of sleep, respec¬ 
tively by changing the threshold of sleep need that will increase sleep propen¬ 
sity. Arousal levels also play a role in sleep initiation and whenever arousal 
level is reduced sleep propensity increases. 

The arousal system comprises neurons of the reticular formation within 
the brainstem, which excite neurons of the nonspecific thalamo-cortical pro¬ 
jection system, and neurons of the ventral extra-thalamic relay systems 
located in the posterior hypothalamus and basal forebrain, all of which pre¬ 
dominantly utilize glutamate as a neurotransmitter. In addition, cholinergic 
neurons of the ponto-mesencephalic tegmentum and basal forebrain pro¬ 
mote cortical activation during waking and REM sleep. Noradrenergic locus 
coeruleus neurons and histaminergic neurons of the posterior hypothalamus 
promote an arousal and prevent REM as well as SWS sleep. 5 A small set of 
orexin/hypocretin producing neurons in the lateral hypothalamic and peri- 
fornical areas interact with feeding centers in the hypothalamus, arousal and 
sleep-wakefulness centers in the brainstem, sympathetic and parasympathetic 
nuclei and the limbic system. These neurons may be an important cellular 
link in the integration of adaptive behavior associated with arousal and 
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energy homeostasis and their improper functioning is responsible for nar¬ 
colepsy, or the inability to maintain wakefulness. 6 

The arousal systems are redundant in the sense that no one system is 
absolutely necessary for the occurrence of waking but nevertheless, they have 
distinct roles in waking and sleep. During SWS, the arousal systems are 
inhibited in part by GABAergic neurons co-distributed with many neurons of 
the arousal systems. The ventrolateral preoptic nucleus (VLPO) contains a 
group of sleep-active, galanin producing neurons that appears to be a critical 
component of sleep circuitry across multiple species. The VLPO presumably 
inhibits the major ascending monoaminergic arousal systems during sleep; 
lesions of the VLPO cause insomnia. 7 Noradrenaline, acetylcholine and sero¬ 
tonin, all of which are transmitters of wakefulness, inhibit the electrical activ¬ 
ity of these neurons. Hence, the upper and lower thresholds for sleep and 
waking presumably reflect relative inactivity levels of the sleep promoting 
neurons. 

Recent finding suggest that adenosine, acting via the A1 receptor, is a key 
factor in the homeostatic control of sleep. In brain areas that regulate corti¬ 
cal vigilance, particularly in the basal forebrain, high extracellular adenosine 
concentrations, induced by prolonged wakefulness, decrease the activity of 
cholinergic cells and via this mechanism promote sleep. Local energy deple¬ 
tion in the basal forebrain of rats induced elevations in extracellular concen¬ 
trations of lactate, pyruvate and adenosine, as well as increases in non-REM 
sleep during the following night. In addition microdialysis perfusion of anti- 
sense oligonucleotides against the mRNA of the A1 receptor in the magno- 
cellular cholinergic region of the basal forebrain of freely behaving rats 
resulted in reduction NREM sleep with an increase in wakefulness. These 
changes may at least partially mediate the long-term effects of prolonged 
wakefulness (i.e. process S). 811 

Process C, among other physiological and behavioral conditions that fluc¬ 
tuate between states of high and low activity during the 24 hr. day/night 
cycle, is presumably regulated by the intrinsic body clock residing in the 
brain’s suprachiasmatic nucleus (SCN). The endogenous clock cycle is some¬ 
what slower or faster than the solar 24-h day/night cycle (in humans it is 
usually >24 h) and is normally entrained by the 24-h light dark cycle to 
match the environmental rhythm. 12 The SCN appears to function similarly 
in nocturnal and diurnal species, with maximal electrical activity during 
daytime. The “interpretation” of the sleep centers to SCN signals must 
therefore be downstream to the SCN. The projections from the SCN top the 
VLPO are scarce. Rather, the VLPO feeds-back into the SCN. The 
sleep/wake regulating activity of the SCN may possibly be mediated by 
direct connections to the dorsomedial hypothalamic nucleus (DMH) that 
innervates the VLPO. 1314 In addition, the SCN-regulated synthesis of the 
pineal hormone melatonin (N-acetyl-5-methoxytryptamine) at night pro¬ 
vides a humoral sleep/wake regulation signal. 
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3. Insomnia - the Disease and Current Approaches 
to Treatment 

In Western industrial countries about one third of the adult population 
reports at least occasional difficulties with sleeping. Similarly, a World Health 
Organization study in 15 different countries revealed that an average of 27% 
of primary healthcare attenders were suffering from sleep problems. The 
prevalence of insomnia increases steeply with age during the fifth decade of 
life. About half of the people in the age group 50-59, 60-69 and 70+ stated 
that they had insomnia, and in half of them the insomnia was severe. 
Complaints of insomnia show consistency, persisting for months. Recent sur¬ 
veys, including the World Health Organization study, have clearly shown that 
at least half of the sleep-disordered population has had their sleep com¬ 
plaints for years. With respect to severity, epidemiological studies throughout 
the world (USA, Canada, Europe, Australia, Asia, and Russia) have found 
that at least 10% of the total population in these countries rated their sleep 
problem as serious. People with insomnia generally have more medical com¬ 
plaints, and seek medical care more often than people without insomnia. 15 

Primary Insomnia is defined in the fourth revision of the Diagnostic and 
Statistical Manual of the American Psychiatric Association (DSM-IV) as 
well as in the tenth revision of the International Classification of Diseases 
(ICD-10). Key elements for the definition of Primary Insomnia that are 
described in DSM-IV as well as in ICD-10 include insufficient sleep quantity 
and/or inadequate sleep quality over a certain period as well as negative 
effects on subsequent day-time functioning. People with insomnia generally 
have more medical complaints, and seek medical care more often than peo¬ 
ple without insomnia. 1516 Recent surveys suggest that chronic insomnia is 
major risk factor in traffic accidents. 1719 

The non-benzodiazepines hypnotics, zolpidem and zaleplon, with benzodi¬ 
azepines and antidepressants -are the most commonly prescribed medica¬ 
tions for insomnia, but they are associated with sedation, anterograde 
amnesia, rebound, abuse potential, dependence, and tolerance, and labeling 
for short-term use (up to 14 nights). Several new agents are in development 
to treat insomnia, including Es-zopiclone, indiplon and a sustained-release 
zolpidem-all of which act on the GABA-A receptor as well. On the basis of 
DSM-IV and ICD-10 criteria currently marketed hypnotics were developed 
and approved to address quantitative sleep problems, mainly time to sleep 
onset (TSO) and total sleep time (TST). A brief course of hypnotic treatment 
is deemed appropriate in transient or short-term insomnia. However, about a 
quarter of severe insomniacs use hypnotic drugs regularly and usually long¬ 
term usage increases markedly with age, with 5% of severe insomniacs in the 
age group 18 to 25, but 33% aged 56 to 65. Patients treated with hypnotic 
drugs, even those that are short acting, may experience daytime sleepiness 
and there is the potential for impaired performance and increased risk for 
accidents. 20 21 All benzodiazepines adversely affect cognition by disrupting 
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both short and long term memory. 22 23 Because the new agents in develop¬ 
ment to treat insomnia are acting on the GABA-A receptor, experts suspect 
that they will also share the class side-effects profile. 

In recent years, the focus of clinically oriented sleep medicine has shifted 
from sleep quantity to sleep quality. Several studies have shown that insomnia 
related to quality rather than quantity of sleep is associated with impaired day¬ 
time functioning (e.g. negative effects on memory, vigilance and psychomotor 
skills) and quality of life. It has been shown that low sleep quality, rather than 
quantity, is associated with physical health problems, anxiety, depression and 
fatigue. 24 Bonnet and Arand 25 demonstrated that experimentally-induced sleep 
disturbance, matched to the degree of sleep disturbance found in objective 
insomniacs (i.e. sleep complaint disturbance clinically demonstrable in the 
sleep laboratory) failed to produce significant performance decrements sug¬ 
gesting that sleep deprivation itself is not the cause for the performance decre¬ 
ments. Moreover, sleep quality does not appear to correlate well with next day 
performance within individuals 26 whereas those patients with subjective 
insomnia (i.e. no objectively demonstrable sleep disturbance-likely to have 
non restorative sleep) seem to perform no better at daytime, and in at least one 
case worse, than those with objective insomnia. 27 ’ 28 A recent study in Germany 
has demonstrated that patients with Global Sleep Dissatisfaction (GSD) were 
two times more likely to report excessive daytime sleepiness compared to 
insomnia patients without GSD. 29 Current hypnotics do not improve non¬ 
restorative sleep. Moreover, they do not improve, and in many cases even 
impair daytime functioning. For the development of novel sleep medication it 
will therefore be crucial to address the restorative value of sleep. The under¬ 
standing of restorative sleep as a key function of good sleep quality and unim¬ 
paired daytime functioning sets a new corridor for the clinical decision making 
in sleep medicine. 


4. Melatonin as Sleep Regulator in Humans 

Melatonin is a hormone produced and secreted by the pineal gland at night. 
Its production is regulated by the biological clock localized in the suprachi- 
asmatic nuclei (SCN) of the hypothalamus. Melatonin is first released into 
the third ventricle and from there into the cerebrospinal fluid and circulat¬ 
ing blood. The time and duration of the melatonin peak encode time-of- 
day and length-of-day information to the brain including the SCN and 
peripheral organs. Melatonin is rapidly metabolized by the liver and its 
half-life in plasma is only 40-50 min. Over 85% are eliminated in the urine 
as 6-sulphatoxymelatonin (6-SMT). Peak plasma concentrations are 
reached within 20-30 minutes of oral administration of melatonin and then 
decay rapidly. The mean urinary excretion profile for 6-SMT reflects blood 
levels and the amount of melatonin produced endogenously may be reliably 
based upon cumulative urinary excretion of 6-SMT over the 24 hours. In 
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contrast to GABA-A CNS depressant hypnotics, melatonin acts via its own 
receptors (MT1, MT2), which are members of the G protein-linked recep¬ 
tor familyand perhaps other receptors that have not been cloned. In prepa¬ 
ration for sleep, melatonin acts to induce heat loss and reduce arousal. 30 

A major difficulty in elucidating the role of melatonin in sleep regulation 
is the lack of appropriate animal models. Melatonin is a signal of darkness 
in nocturnal as well as diurnally active species. Yet, in nocturnal species mela¬ 
tonin is associated with waking whereas in diurnal species it is associated with 
sleep. Accordingly, administration of melatonin promotes sleep in humans 31 
but not in rats and mice. 32 33 Because melatonin is not inducing sleep in mice, 
it is not possible to use the melatonin receptors MT1 and MT2 knockout 
mice, or even pinealectomy experiments, to explore the role of melatonin and 
its receptors in sleep. In addition, MT1 and MT2 knockout mice have not 
added much to our understanding of the role of these melatonin receptor 
subtypes in SCN regulation, perhaps because most mouse strains do not pro¬ 
duce melatonin 34 35 and may not be sensitive to the absence of this signal. 

Because the SCN has a similar function in nocturnal and diurnally active 
animals, the “interpretation” of the melatonin signal must be downstream to 
the SCN, and possibly involves a counter-balance between melatonin’s effects 
on brain regions that are involved in arousal and those involved in suppres¬ 
sion of arousal. This would call for the presence of melatonin receptors out¬ 
side the SCN, e.g., the DMH, VLPO, hypothalamic orexin neurons, or 
arousal systems in the brainstem. The MT1 and MT2 melatonin receptors 
have a very narrow distribution in the brain, and there is no proof for func¬ 
tional activities of these receptors in brain regions other than SCN. 
Functional and ligand binding studies have however pointed out the presence 
of low affinity functional melatonin receptors in the preoptic area of the 
hypothalamus and in the medulla-pons in rats 36 37 but the proteins involved in 
this activity have not been identified. 

Another difficulty in elucidating the role of melatonin in human sleep is 
the presence of the endogenous hormone, which interferes with the effects of 
exogenous melatonin. Nevertheless, there is a growing body of evidence for a 
role for endogenous melatonin in human sleep. 38 First of all, the period of 
increased melatonin secretion from the pineal gland is concurrent with the 
habitual hours of sleep in humans, and the onset of melatonin secretion 
highly correlates with the onset of the evening sleepiness. 39 ' 41 Secondly, aging, 
presence of certain diseases (e.g. primary degeneration of the autonomic 
nervous system and diabetic neuropathy, some types of neoplasms, 
Alzheimer’s disease), and certain drugs (e.g. b-blockers, clonidine, naloxone 
and non-steroidal anti-inflammatory drugs), abolish the nocturnal produc¬ 
tion of melatonin and are associated with impaired sleep (for review see 
ref. 30 ). In totally blind people who cannot perceive the light-dark cycle (the 
major synchronizer of the circadian pacemaker) the circadian rhythms often 
“free run” on a cycle slightly longer than 24 h. Blind subjects with normally 
entrained rhythms (as evidenced from the excretion of its metabolite 6-SMT) 
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had fewer naps of a shorter duration than abnormally entrained or free- 
running subjects. The timing of these naps was not random; significantly 
more naps occurred within a five-hour range before and after the 6-SMT 
peaks than outside this range. 42 Furthermore, in delayed sleep phase syn¬ 
drome (DSPS), a circadian rhythm sleep disorder characterized by sleep- 
onset insomnia and difficulty in awakening at the desired time, the melatonin 
rhythms are delayed compared with those in normal individuals. 43 Significant 
association of delayed sleep phase syndrome with a mutation in arylalky- 
lamine-N-acetyl transferase, the rate-limiting enzyme in melatonin synthesis 
has recently been reported. 44 

If indeed melatonin plays a role in sleep regulation, either through its 
chronobiotic, soporific activities or both, we would expect that exogenous 
melatonin administration will be able to induce sleep when the homeostatic 
drive to sleep is insufficient and to improve sleep in cases of deficiency in 
endogenous melatonin. There is much evidence in support of such notions. 
Sleep-inducing effects of melatonin (0.3-240 mg) were reported in humans 
following intravenous, intranasal and oral administration of melatonin at 
daytime (i.e. when it is not present in the blood and when the homeostatic 
drive to sleep is insufficient to induce sleep spontaneously). Unlike benzodi¬ 
azepines hypnotics, melatonin-promoted sleep has normal or enhanced REM 
electroencephalographic patterns and normal sleep architecture (for review 
see ref. 30 ). 

Exogenous melatonin administration synchronized sleep to the day-night 
cycles in free-running totally blind subjects. 4546 In some of these subjects, 
entrainment of other bodily rhythm was also achieved. However, in many of 
the patients the sleep-wake cycles were synchronized, while other rhythms 
were free-running. This apparent internal desynchronization suggests the 
melatonin directly predominantly acts at the sleep regulating centers rather 
than by synchronizing the biological clock to the 24 h cycle. 

Similarly, exogenous melatonin administration advanced sleep in DSPS 
patients. 47 It is yet to be examined whether this effect is due to phase shifting 
of the biological clock or by direct interaction with sleep-promoting and 
inhibiting centers. In infants with Smith-Magenis syndrome, who have high 
melatonin production during daytime, and suffer from somnolence during 
the daytime and insomnia at night, administration of beta adrenergic recep¬ 
tors blockers during daytime, to suppress melatonin production, resulted in 
improved behavior and reduced somnolence, and concurrent administration 
of melatonin at night greatly improved their sleep. 48 In disabled brain dam¬ 
aged infants melatonin greatly improves night sleep. 49 

In blind and DSPS patients, as well in subjects given melatonin during 
daytime, the sleep promoting effects of melatonin are demonstrated at 
times when the endogenous production of the hormone is low or delayed. 
In insomnia patients, melatonin must be given at night, while the produc¬ 
tion of the endogenous melatonin is ongoing and might provide suffi¬ 
cient amounts of hormone internally. The efficacy of exogenous melatonin 
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may therefore be best demonstrated in patients who produce insufficient 
amounts of melatonin. 


5. Efficacy of Melatonin in Patients with Insomnia: 

A Question of Melatonin Deficiency? 

With aging the timing of sleep is advanced whereas that of the melatonin peak 
is delayed. 50 51 There has been controversy in scientific and medical publications 
on whether melatonin production declines as part of normal aging or whether 
the decline is due to insomnia and other age related morbidities. 50,52,53 To inves¬ 
tigate this controversial issue, we evaluated melatonin production at night, as 
measured by total nocturnal 6-SMT secretion, in a large study with a repre¬ 
sentative number of over 500 subjects including healthy elderly, elderly insom¬ 
niacs and healthy young subjects (unpublished data). It is interesting to 
compare 6-SMT levels reported in the literature and results obtained by us 
(Figure 1). As can be seen in Figure 1,6-SMT levels for healthy volunteers aged 
20-35 years are remarkably consistent among published data. 53 ' 55 Moreover, 6- 
SMT levels found for the insomnia patients aged 55 and older is also highly 
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Figure 1. Nocturnal 6-SMT excretion by subjects without sleep complaints aged 20-35 
years and 55 and older and patients with insomnia aged 55 and older. Results are from 
unpublished studies from our laboratory (black bars) and published studies (after 

ref. 51,54 ’ 56 ' 58,71,72 ) 















































The Role of Melatonin in Sleep Regulation 303 


consistent among different laboratories. 56 ' 58 From all published data it can be 
concluded that the mean amount excreted by the insomnia patients aged 55 
and older is approximately 40-60% of that in the healthy controls aged 20-35. 

The inconsistencies in the literature are predominantly related to whether 
melatonin production is declining to the same degree in elderly subjects who do 
not have sleep problems. Despite differences in absolute 6-SMT values reported 
for healthy elderly controls, most studies, as well as a meta-analysis of litera¬ 
ture data has concluded that 6-SMT decreases by approximately 20-37% 
between the age of 20-35 and 55 years and older (Figure 1). From the 6-SMT 
values reported for subjects aged 55 and older without insomnia in most pub¬ 
lished studies and found in our studies (unpublished) it may be possible to 
assume that production of 4 pg 6-SMT/night and over should be considered 
normal for this age group. 

If the low production of melatonin is causally related to insomnia in the 
elderly, it should presumably be associated with a significantly higher likeli¬ 
hood of response to exogenous melatonin therapy. Early studies have shown 
Improvement of sleep in elderly insomnia patients by very high doses of 
melatonin. 59 The first attempts to study the efficacy of low doses of mela¬ 
tonin (acute administration; 1 ad 5 mg regular release at night) failed to show 
significant effects on the polysomnography-recorded sleep in insomnia 
patients. 60 Later on, the majority of studies showing efficacy of lower doses 
(0.3-5 mg per os.) of melatonin in insomnia were performed with elderly 
insomniacs or patients in whom melatonin production was suppressed. In 
most of these studies melatonin therapy resulted in shortening of sleep 
latency compared to placebo. 30 6162 

Because of its fast clearance, regular melatonin formulations can produce 
physiological levels for only 2 hr, but in order to exert its effect, it needs to be 
present throughout the entire night. To circumvent this problem, a pro¬ 
longed-release formulation of melatonin, (PR-melatonin) was developed 
(Circadin™, Neurim Pharmaceuticals Ltd, Israel), which provides a mela¬ 
tonin profile mimicking its normal physiological release (Figure 2). The 
effects of PR-melatonin on sleep architecture in elderly patients with insom¬ 
nia were evaluated in a sleep laboratory study. The statistical analysis of the 
all night EEG spectral measures showed no significant modifications by 
treatment. 

Attenuation of low frequency activity and enhancement of spindle fre¬ 
quency activity, characteristic of GABA-A receptor modulators did not 
occur with PR-melatonin. The clinical development of PR-melatonin was 
based on the observation that it improves sleep in elderly insomnia patients, 
as shown in exploratory placebo-controlled clinical studies. 63 64 

To date, three multi-centre Phase III clinical trials were conducted to eval¬ 
uate the clinical efficacy of PR-melatonin on the improvement of sleep qual¬ 
ity and showed significant treatment effects compared to placebo. In a pooled 
analysis of adverse event experience and a clinical laboratory summary car¬ 
ried out in all pivotal trials, no significant melatonin-induced adverse effects, 
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Figure 2. Blood melatonin levels after oral administration of PR-melatonin 
(Circadin™) compared to regular release melatonin formulations. 


changes in laboratory parameters or vital signs were found neither in short¬ 
term (3 weeks) nor long-term studies (up to 18 months). 

6. Pharmacodynamic Interactions between Melatonin 
and GABA-A Receptor Modulators 

Of specific interest is the pharmacodynamic interaction between GABA-A 
receptor modulating drugs and melatonin. Benzodiazepines which are the most 
commonly used drugs for the treatment of insomnia in the elderly, have the 
potential to create tolerance and addiction and are therefore not recommended 
for chronic use. However, at least 10% of the population in France are thought 
to consume benzodiazepines regularly and similar figures have been described 
in other European countries and the US. At least 50% of benzodiazepines users 
have been reported to be willing to stop its use, but development of physical 
and/or psychological dependencies and rebound insomnia seem to interrupt 
most attempts at benzodiazepines discontinuation. Benzodiazepines paradoxi¬ 
cally suppress the nocturnal rise in plasma melatonin and shift its day-night 
rhythmicity 65 ’ 66 thereby worsening the condition for the patient even more. 

Previous reports have shown a potentiating effect of benzodiazepines with 
concomitant melatonin intake. 67 68 Recent reports show that melatonin simi¬ 
larly augments the hypnotic effects of non-benzodiazepines as well allowing 
the use of low doses of these hypnotic drugs to improve sleep quantity as well 
as quality. 69 70 This finding prompted the attempt to use PR-melatonin for 
benzodiazepines discontinuation in 34 volunteers suffering from insomnia 
who had been long-term benzodiazepines users.64 In a double blind placebo 
controlled trial, patients were randomised to PR-melatonin or placebo and 
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were asked to taper off their benzodiazepines dose during 4 weeks and dis¬ 
continue benzodiazepines completely on the 5th and 6th weeks while contin¬ 
uing administration of PR-melatonin or placebo. The results indicated that 
PR-melatonin effectively facilitated discontinuation of benzodiazepines 
while maintaining good sleep quality. A follow-up survey revealed that after 
18 months 70% of the patients who discontinued benzodiazepines were still 
using PR-melatonin intermittently and none reverted to hypnotics. 


7. Considerations on the Legal Status of Melatonin 

Heavy media attention, including CNN, CBS and major newspaper coverage, 
was focused on melatonin in 1994 and 1995 over-claiming the effects of this 
compound even though these health claims have never been evaluated for effi¬ 
cacy and safety in large-scale clinical trails compliant with regulatory require¬ 
ments. With passage of the “Dietary Supplement Health and Education Act” 
in 1994, melatonin became widely available in the United States under variable 
dosage forms of unknown purities. In Argentina and Poland, regular release 
melatonin products are registered without specific indications. In the UK 
melatonin was introduced shortly after the US market in 1993. However, at 
the end of 1995 the Medical Control Agencies ordered all the suppliers of 
melatonin to stop selling the hormone because it was believed that it requires 
a license obtained by regulatory approval. In the EEC, Japan Canada and 
Israel, melatonin has been classified as new chemical entity requiring a full 
application dossier with health authorities. PR-melatonin represents a new 
therapeutic principle in sleep medicine, in particular for elderly, improving 
quantity and quality of sleep. The clinical use of PR-melatonin awaits mar¬ 
keting approval by regulatory health agencies. 
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Sleep and Circadian Rhythms 
in the Blind 


Jonathan S. Emens and Alfred J. Lewy 


1. Introduction 

In the majority of totally blind individuals, the biological clock is no 
longer synchronized, or entrained, by the light/dark cycle. Despite expo¬ 
sure to regular social cues, meal times and sleep/wake schedules, the circa¬ 
dian phase (timing) of biological events in these individuals continues to 
drift to a progressively later (or, rarely, earlier) hour. As a result, these indi¬ 
viduals suffer from periodic bouts of nighttime insomnia and daytime 
hypersomnolence, as the circadian sleep propensity rhythm moves in and 
out of synchrony with the 24-hour day. Recently, oral melatonin has been 
shown to be highly effective in resetting the biological clock in these indi¬ 
viduals. 1 Although several treatment parameters continue to be deter¬ 
mined, melatonin is likely to prove a safe and effective treatment for this 
type of sleep disorder. 

2. The Circadian Pacemaker and its Regulation by Light 

The circadian pacemaker (or biological clock) regulates the timing of a host 
of physiologic parameters across the biological day. 2 ' 4 In addition to sleep 
propensity and alertness, circadian variation can be seen in clinical phenom¬ 
ena such as myocardial infarction 5 and fasting glucose levels. 6 The anatomi¬ 
cal locus for the biological clock is the hypothalamic suprachiasmatic nuclei 
(SCN), 7 and it is the molecular “clock-work” within individual SCN neurons 
that form the basis for pacemaker rhythmicity. 89 

The period (tau) of the pacemaker is not precisely 24-hours, 1011 and 
therefore the pacemaker needs to be synchronized, or entrained, to the 
external 24-hour day. Light through the eyes has been shown to be the pri¬ 
mary synchronizer. 1217 Photic information conveyed from the retina via 
the retinohypothalamic tract to the SCN provides the daily phase shifts 
necessary to maintain entrainment. 18 Timing, 19 intensity, 2021 and wave¬ 
length 22 ’ 23 have all been shown to be important factors in the resetting 
effects of light. The resetting effects of any time cue, such as light, can be 
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described using a phase response curve (PRC), in which the timing of the 
stimulus is plotted against the resulting shift in circadian phase: shifts in 
the rhythm to an earlier hour are termed phase advances, whereas shifts to 
a later hour are phase delays. 

Of all the parameters with endogenous circadian variation, the rhythm of 
melatonin secretion has proved to be the most reliable marker of circadian 
phase. 24 Melatonin is secreted by the pineal gland, and levels are high during 
the night and low during the day. 25 This pattern of secretion is the same in both 
nocturnal (night active) and diurnal (day active) species, and so melatonin 
secretion can be thought of as a marker for the biological night. Melatonin lev¬ 
els are suppressed by light 26 but are relatively unperturbed by other types of 
stimuli. Our laboratory uses the nightly onset of melatonin secretion gathered 
under dim light conditions (the dim light melatonin onset, or DLMO) as our 
marker of circadian phase. 27 There are many operational definitions of the 
DLMO. Recently, we have used a threshold of 2 pg/ml. 27 Under normal 
entrained conditions, the 2 pg/ml DLMO occurs about 3 hours before bedtime 
(that is, 13 hours after waketime). In totally blind individuals, melatonin does 
not need to be sampled under dim light conditions and so the acronym is sim¬ 
plified to MO. 

3. Regulation of Sleep by the Circadian Pacemaker 

The timing of the sleep/wake cycle in particular has been shown to be reg¬ 
ulated by the circadian pacemaker. 28 ' 33 The circadian drive for sleep and 
wakefulness is yoked to other endogenous rhythms, such as core body 
temperature and plasma melatonin, and experiments over the past decade 
have highlighted how the interaction between circadian sleep propensity 
and homeostatic sleep drive underlie normal patterns of human sleep and 
wakefulness. 34 The sleep dependent process is perhaps the more intuitive 
of the two: during the waking day, the homeostatic drive for sleep 
increases while during sleep it is dissipated. In contrast, the peak in the 
circadian rhythm of sleep propensity occurs around the time of the body 
temperature minimum (several hours before waketime under entrained 
conditions), while the circadian drive for wakefulness typically crests at 
the time of peak body temperature (just before the onset of sleep). The 
somewhat “paradoxical timing” of circadian sleep/wake propensity 
becomes clear when it is noted that the interaction between the two 
processes allow for consolidated episodes of sleep and wakefulness: in the 
latter half of the waking period, the increasing homeostatic drive for sleep 
is balanced by the rise in circadian drive for wakefulness. 35 The opposite 
is true during episodes of sleep: in the later half of the sleep period when 
the homeostatic drive for sleep has been dissipated the circadian drive for 
sleep is greatest. 35 
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4. Circadian Rhythms in the Blind 

In the majority of completely blind individuals (those without any light per¬ 
ception), the lack of photic input to the pacemaker results in circadian 
rhythms that are no longer synchronized to the 24-hour day and are said to 
be free-running. 11 ’ 36 ' 41 Despite exposure to regular sleep/wake, rest/activity 
and light/dark schedules, as well as regular social cues, the rhythms of most 
such blind free runners (BFRs) continue to drift to a progressively later time, 
in accordance with the greater than 24 h tau of the pacemaker. Initially, 
there were only sporadic case reports of circadian abnormalities in blind 
individuals. Miles and colleagues were among the first to demonstrate that, 
despite rigorous adherence to a 24-hour schedule and the use of hypnotic 
and stimulant medications, the circadian rhythms of one blind individual 
continued to drift later each day. 41 Another blind individual was docu¬ 
mented to have a free-running rhythm of plasma cortisol when she was stud¬ 
ied over a period of 50 days. 40 Lewy and colleagues demonstrated abnormal 
timing of melatonin secretion in six of ten blind subjects and studied them 
longitudinally: based on these data they proposed that the circadian rhythms 
of the blind could be classified as either normally entrained, entrained at an 
abnormal phase or free-running. 39 This classification scheme has been borne 
out by continued research. Sack and colleagues found that roughly half 
(11/20) of a cohort of totally blind individuals had free-running rhythms of 
plasma melatonin and cortisol. 11 This may be an underestimate of the inci¬ 
dence of free-running among the totally blind, since free-running individu¬ 
als with a tau very close to 24 hours might appear to be entrained. 
Nevertheless Sack and colleagues found that the timing of melatonin and 
cortisol rhythms drifted approximately half an hour later every day: the 
average tau of the circadian pacemaker (± SD) among these BFRs was 24.55 
± 0.31 h. Subsequent studies have confirmed that among blind individuals 
lacking light perception, the majority have free-running circadian rhythms. 37 
In keeping with the classification system proposed by Lewy et al, a minority 
of totally blind individuals maintain entrainment, although some do so at 
an abnormal phase; in the two studies noted above, approximately half of 
the totally blind individuals who maintained entrainment did so at an abnor¬ 
mal phase. 1137 

It remains unclear what zeitgebers (time cues) mediate entrainment among 
those blind persons who are without light perception and yet are able to 
maintain synchronization to the 24-hour day. Light may have a role: the pho¬ 
toreceptive system that mediates the circadian resetting effects of light is 
likely distinct from the rods and cones that mediate vision. 42 ' 50 Furthermore, 
light has been shown capable of constricting pupils, 11 suppressing plasma 
melatonin levels 51 and resetting circadian phase 52 among some individuals 
lacking subjective light perception. Non-photic cues, including activity or 
sleep itself, may also play a role. 39 53 It appears that orally administered mela- 
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tonin is able to override these weaker zeitgebers in resetting circadian phase 
(see section 6 below). 54 


5. Sleep Disorders in the Blind 

Given the prominent role of the circadian pacemaker in the regulation 
of sleep and wakefulness, it is not surprising that BFRs have subjective 
and objective decrements in sleep quality and daytime alertness. Several stud¬ 
ies have documented higher rates of both daytime somnolence, as well as 
nighttime sleep complaints, among the blind. 55-59 A survey of 1,073 blind 
individuals demonstrated a significantly increased prevalence of both symp¬ 
toms of insomnia, as well as daytime sleepiness, compared to controls. 57 
Associated with these complaints was a higher use of hypnotics as well as 
napping during the day. A study of blind children by the same group docu¬ 
mented similar symptoms of sleep disruption and daytime somnolence. 58 

A survey of 388 blind individuals using the Pittsburgh Sleep Quality 
Index (PSQI) found that nearly half (48.7%) had at least a mild degree of 
sleep disturbance (PSQI score > 5). 56 Those blind individuals without any 
light perception had an even higher prevalence of sleep disturbance (65.5%). 

Nakagawa and colleagues underscored the importance of the circadian 
system in sleep disturbances found in the blind when they demonstrated that 
sleep propensity free-ran with the endogenous rhythms of core body tem¬ 
perature, cortisol and melatonin in a BFR: during four consecutive weeks, 
circadian phase was assessed in a BFR by measuring the endogenous 
rhythms of core body temperature, cortisol and plasma melatonin. 30 The 
subject was then given the opportunity to nap for up to 7 minutes out of 
every 20 for the next 24-hours, while sleep was measured with standard 
polysomnography. 

Using this ultra-short sleep-wake schedule, it was shown that the sleep 
propensity rhythm moved 0.59 hours later each day in synchrony with the 
melatonin tau of 24.65 h. 

A later study of 59 blind subjects, including 17 BFRs, found that periodic 
bouts of daytime somnolence and nighttime insomnia were predicted by cir¬ 
cadian phase. 60 Such subjective decrements in sleep quality have been con¬ 
firmed by polysomnography. 

Sack and colleagues demonstrated that when BFRs attempted to sleep at 
a time that was 12 hours out of phase with the 24-hour day sleep efficiency 
was significantly lower and time-awake-after-sleep onset was higher, com¬ 
pared to sleep when their endogenous rhythms were in phase. 1 When 26 
totally blind individuals with demonstrated free-running rhythms of sali¬ 
vary and urinary 6-sulfatoxymelatonin were compared to normal controls 
with polysomnography, the BFRs were shown to have lower total sleep 
times, sleep efficiencies and total REM sleep, as well as increased sleep 
latencies. 61 
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6. Treatment of Free-Running Circadian Rhythms 
with Melatonin 

6.1. Demonstration of Phase Shifts and Entrainment 

Experiments in rodents were the first to demonstrate that the mammalian 
circadian pacemaker could be entrained by exogenous melatonin. 62 Soon 
afterwards, attempts were made to entrain BFRs with oral melatonin admin¬ 
istration. 

Early experiments in our laboratory involved administration of 5 mg mela¬ 
tonin at bedtime for three weeks. 63 Although this regime induced phase 
advances in the MO, entrainment did not occur. 

Longer durations of administration were not possible at that time due to 
FDA limitations; however, entrainment was demonstrated in a BFR who had 
been taking about 7.5 mg of melatonin at bedtime on his own for a year. 64 

Our laboratory 1 and the University of Surrey research group 65 subse¬ 
quently went on to conclusively demonstrate entrainment of BFRs with 
exogenous melatonin. We administered 10 mg melatonin one hour before pre¬ 
ferred bedtime to seven BFRs for three to nine weeks: six of the seven 
entrained, while the seventh subject (who had the longest tau) had a decrease 
in his tau from 24.9 to 24.3 h. 1 In three of the subjects entrainment was main¬ 
tained even as the dose was decreased to 0.5 mg. 

In those subjects who entrained, significant improvements in sleep param¬ 
eters, such as sleep efficiency and time-awake-after-sleep onset, resulted. 1 The 
Surrey group found that 5 mg melatonin administered at 21:00 for 35-71 days 
was able to entrain three of seven BFRs and shorten tau in a fourth. 65 

6.2. Timing of Melatonin Administration 

The melatonin PRC is important for understanding entrainment of BFRs 
with melatonin: it describes how the timing of melatonin administration, rel¬ 
ative to the biological clock, determines the direction of the resulting phase 
shifts. 66 Although the melatonin PRC was constructed using data from nor¬ 
mally entrained sighted subjects, 67-70 it is applicable to the blind. Our mela¬ 
tonin PRC utilized 0.5 mg melatonin administered for four days. 70 We found 
that melatonin administered in the afternoon and evening caused phase 
advances, while melatonin administered late in the night and in the morning 
caused phase delays. Using the endogenous melatonin onset as a marker of 
circadian phase, we can delineate the boundaries of the phase-advance and 
phase-delay zones of the PRC. By convention, waketime is used as a reference 
point and is defined as circadian time (CT) 0. Because the 2 pg/ml MO occurs 
13 hours after waketime, it is defined as CT 13. Using the MO as our reference 
point, the phase-advance zone extends from CT 6 to CT 18 and the phase- 
delay zone extends from CT 18 to CT 6. 70 The advance zone therefore extends 
from seven hours before the MO until five hours after the MO (Figure 1). 
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Figure 1. The relationship between the endogenous melatonin profile, the melatonin 
PRC, and the sleep/wake cycle. Adapted with permission from: Lewy AJ, Bauer VK, 
Hasler BP, Kendall AR, Pires LN, Sack RL. Brain Res. 2001;918:96-100. © 2001 
Elsevier Inc. 

The melatonin PRC explains entrainment to melatonin in BFRs. In most 
BFRs, who are administered melatonin at a set clock hour, circadian phase 
drifts to a progressively later time each day until the exogenous melatonin 
falls upon the advance zone. Once melatonin causes a phase advance equal in 
magnitude to the daily phase delay, the individual entrains. 

The timing of melatonin administration must also take into account the nor¬ 
mal phase relationship between the endogenous melatonin rhythm and the 
sleep/wake cycle (recall that the endogenous MO normally occurs several hours 
before bedtime under entrained conditions, Figure 1). We have found that 
entrainment with melatonin may result in an endogenous MO that occurs several 
hours after administration time, so that bedtime dosing results in entrainment at 
a delayed phase. 66 71 Therefore, the time of melatonin administration must be well 
before the desired bedtime to promote entrainment at a normal phase. 

The other variable known to influence the interval between melatonin admin¬ 
istration time and the MO (the phase angle of entrainment or PAE) is tau. 

We were the first to demonstrate that the PAE to melatonin in BFRs is pos¬ 
itively correlated with tau. 7172 Wright and colleagues similarly demonstrated 
that the PAE to light in the sighted is also correlated with tau. 73 

6.3. Dose of Melatonin Administration 

Following the initial successes entraining BFRs, we went on to treat them 
using the lower 0.5 mg dose de novo. 74 Exogenous melatonin was again 
administered 1-2 hours before bedtime in three BFRs with taus of 24.2 to 
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24.4 h. All three subjects were entrained. The Surrey group has also found 
that lower doses of melatonin are capable of entraining BFRs: four of ten 
subjects entrained to a nightly dose of 0.5 mg. 75 

Although low-dose melatonin proved effective, we first speculated that the 
subject from our initial study who had failed to entrain would require a 
longer duration of treatment and/or higher doses of melatonin. He had the 
longest tau of the group and therefore might require a proportionately 
stronger resetting signal [because he tended to delay almost an hour each day 
(due to his long tau) he should require a daily phase advance greater than 
individuals who only drift 0.2 to 0.6 hours later each day]. He was first treated 
with 9-10 mg of melatonin for 83 days and his tau was again shortened to 
24.36 h without entrainment. 

When the dose was increased to 20 mg and treatment was continued for 
60 days, he again failed to entrain and his tau was shortened to only 24.58 h. 
However, when the dose was decreased to 0.5 mg entrainment quickly 
ensued. 76 

To explain this result we have hypothesized that lower doses of melatonin 
may result in greater phase shifts than higher doses of melatonin. High doses 
could result in elevated levels of melatonin that stimulate both the advance and 
delay regions of the melatonin PRC, resulting in smaller net phase shifts. 66 76 
These “spillover” effects may not be as relevant in subjects with shorter taus. It 
is even possible that the administration of low-dose melatonin could have sig¬ 
nificant spillover effects in a person with a long melatonin half-life. 

Low-dose melatonin has the advantage of not inducing significant sleepi¬ 
ness and therefore can be administered at any time of day, depending on the 
direction and magnitude of the phase shifts that are required. In other types 
of circadian sleep disorders (e.g., advanced sleep phase syndrome, delayed 
sleep phase syndrome, jet lag, and shift work sleep disorder), this means that 
melatonin can be administered in the morning to achieve phase delays or in 
the afternoon to achieve maximal phase advances without causing sleepiness, 
which is more of a problem with higher doses. In BFRs, as discussed above, 
this means that melatonin can be administered well before bedtime, so that the 
endogenous MO will occur at a more normal clock hour relative to sleep. 66 

6.4. Timing of Treatment Initiation 

It has been hypothesized that the initial timing of melatonin administration 
may also impact treatment success or failure in BFRs. 65 In the study by the 
University of Surrey group, it was found that about half of seven BFRs 
entrained to a daily dose of 5 mg melatonin when it was initiated on the 
advance zone while the remaining subjects, in whom melatonin was initiated 
on the delay zone, failed to entrain. 65 They speculated that initiation of treat¬ 
ment on the delay zone might lead to either changes in the melatonin PRC or 
melatonin receptor sensitivity that could decrease the probability of future 
entrainment. These researchers noted that this explanation was inconsistent 
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Figure 2. Entrainment of seven BFRs using melatonin [0.5 mg; in one case (O) 0.05 mg] 
administered approximately one hour before bedtime. Symbols represent an assessment 
of circadian phase as determined by the time that endogenous plasma or saliva mela¬ 
tonin concentrations continuously rose above the 2-pg/ml or 0.7-pg/ml threshold respec¬ 
tively. Vertical lines represent the timing and duration of exogenous melatonin treatment. 
Melatonin was initially administered on the delay zone of the melatonin PRC. Used 
with permission from: Lewy AJ, Emens JS, Bemert RA, Lefler BJ. J. Biol. Rhythms. 
2004;19(l):68-75. © 2004 Sage Publications. 


with experiments in animals which demonstrated that entrainment eventually 
occurs once the time of administration falls on the advance zone. 62 ’ 65 The 
clinical implication of this hypothesis is quite significant: circadian phase 
would have to be accurately assessed, most likely on more than one occasion, 
before BFRs could be successfully treated with precisely timed melatonin. We 
recently tested this hypothesis. Seven subjects were administered 0.5 mg (in 
one case, 0.05 mg) melatonin approximately one hour before bedtime (Figure 
2). Treatment was always initiated when this coincided with the delay zone of 
the melatonin PRC. In all seven cases, the subjects eventually entrained as 
circadian phase free-ran and the time of melatonin administration came to 
fall upon the advance zone of the melatonin PRC. 66 We think that circadian 
time of treatment initiation using low-dose melatonin is not a factor in treat¬ 
ment success. 


7. Conclusions 

The majority of totally blind individuals have circadian rhythms that are no 
longer synchronized to the 24-hour day. The resulting symptoms of periodic 
daytime somnolence and nighttime insomnia rate only second to loss of 
vision in their impact on quality of life. Oral administration of low-dose 
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melatonin can entrain almost all BFRs. We are currently trying to determine 
the lowest possible dose capable of entraining a BFR. 
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Disturbances of Hormonal Circadian 
Rhythms in Shift Workers 


Diane B. Boivin 

1. Disturbed Sleep and Circadian Rhythms 
in Shift Workers 

In normal individuals living on a day-oriented schedule, it is hypothesized 
that a harmonious relationship between homeostatic and circadian processes 
serves to promote uninterrupted bouts of 8 hours of sleep and 16 hours of 
wakefulness per day. 12 

The structure of sleep is dependent on a complex interaction of circadian 
phase and sleep/wake dependent processes. When sleep is displaced, as is the 
case with transmeridian travelers and shift workers, 3 4 the normal phase rela¬ 
tionship between the sleep/wake cycle and the endogenous circadian oscillator 
is perturbed, a situation which can lead to substantial deterioration in sleep 
quality. 5 Together, these observations indicate that the temporal alignment 
between the sleep/wake cycle and the endogenous circadian system is a deter¬ 
mining factor in the quality of the subsequent sleep and waking episodes. 

Sleep recording during ultrashort sleep/wake paradigms, 6 7 free-running con¬ 
ditions, 89 or forced desynchrony experiments 1 are consistent with these obser¬ 
vations and revealed that the peak propensity for REM sleep is observed near 
the nadir of the core body temperature cycle, thus at the end of a normal night. 
In comparison, the occurrence of SWS (“slow wave sleep”) is much more influ¬ 
enced by the duration of prior waking than by circadian phase 1 (Figure 1). 

Some cross-influence still exists since REM sleep can also be influenced by 
sleep deprivation 10 just as slow wave activity in non-REM sleep shows a small 
but significant circadian modulation. 1 

Day sleep in shift workers is often measured as 1-3 hours shorter than 
night sleep on days off, or on day and evening work schedules. 1116 Following 
night shifts, most workers report no difficulties falling asleep and latencies to 
sleep onset are short. 15 

The short sleep latencies are accompanied by short latencies to SWS, which 
may represent the response to a physiological sleep debt. Shift workers, who 
typically show great variation in their degrees of circadian entrainment to 
particular sleep/wake cycles, 17 ' 24 also demonstrate a discrepancy in the 
amount and distribution of REM sleep 11 ’ 14 ’ 25 ’ 26 Increases in sleep stage tran¬ 
sitions further substantiate the fragility of diurnal sleep 14 26 (Figure 2). 
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Figure 1. As part of a ‘forced desynchrony’ protocol, eight men lived under a 28-hour 
rest-activity cycle for 30-36 days. Under these conditions, the imposed day length is much 
longer than the length of the internal day and beyond the range of entrainment of the 
circadian pacemaker. Sleep episodes are therefore recorded at all circadian phases, as sep¬ 
arated by periods of scheduled awakening of equal length. The sleep-dependent and cir¬ 
cadian components of sleep could therefore be distinguished. In this illustration, the core 
body temperature is used as a physiological marker for circadian phase (described along 
the x-axis as degrees). The fitted minimum of temperature is attributed a circadian phase 
of 0 degrees, where a full cycle of the oscillation is 360 degrees. The modulation of the 
concentration of REM in sleep episodes, for example, is strongly influenced by circadian 
phase, while that of slow-wave activity is strongly influenced by the prior sleep duration. 
Reproduced from 1 with permission. © 1995 The Society for Neuroscience. 
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Figure 2. Hypnogram of nocturnal and diurnal sleep in shiftworkers. Example of 
two “hyponograms”: above a reference night. Below a day sleep of the same subject. 
The latency of the first REM sleep period decreased and its duration increased. 
Reproduced from 16 with permission. © 1995 The Society for Neuroscience. 


2. Two Process-Regulation of Hormones 

The duration of prior sleep and waking influences rhythms is sensitive to 
homeostatic processes whereas the endogenous circadian system affects 
rhythms sensitive to circadian phase. To understand the disturbances of hor¬ 
monal rhythms associated with atypical schedules, one must factor in the 
time of falling asleep, the time of prior waking, the degree of sleep disrup¬ 
tion, and the phase relationship between the endogenous circadian system 
and the sleep-wake cycle. 

Some hormones are more sensitive to sleep-wake dependent processes 
whereas others are more sensitive to circadian processes. Overall, it is appro¬ 
priate to consider that both processes affect the diurnal variation of most 
hormones, although to various relative degrees. 

Hormones such as melatonin and cortisol have a strong circadian com¬ 
ponent. They are considered as reliable circadian markers since their timing 
of secretion provides a useful evaluation of the state of the endogenous cir¬ 
cadian system. When the timing of sleep is abruptly shifted, the endoge¬ 
nous circadian pacemaker remains closer to its initial position, at least for 
several days. Thus the levels of melatonin and cortisol at given clock times 
remain unchanged and closer to their initial positions for several days. 
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Their diurnal rhythm may however be distorted by light exposure and 
stressful situations. Other hormones such as GH (growth hormone) and 
PRL (prolactin) are more affected by sleep-wake dependent processes. 
Their secretion shifts rapidly when sleep is displaced and remains closely 
linked to the appearance of sleep, regardless of time-of-day. Hormones 
such as TSH are markedly affected by both processes. Some components 
rapidly shift with the new sleep schedule whereas others are influenced by 
the endogenous circadian system and continue to occur at their original 
time-of-day (Figure 3). 27 A good knowledge of the variation of specific 
hormones with the sleep-wake cycle and with circadian phase is important 
to understand how their secretion is disrupted in conditions of shifted 
sleep-wake schedules. 


3. Circadian Variation of Hormones 

Cortisol levels reach their minimal values early in the night and their maximum 
values around the regular time of awakening. 28 ' 31 More specifically cortisol lev¬ 
els peak at the end of darkness, thus the start of the light period. Interestingly, 
cortisol levels rise by 50% in the morning when light levels change from dim 
to bright intensities, an effect that has been attributed to reduced melatonin 
levels. 32 The diurnal rhythm of cortisol secretion persists even in sleep depriva¬ 
tion experiments, namely during constant routine procedures, and depends on 
a robust and significant circadian component. 33 ' 35 This rhythm persists when 
the sleep-wake cycle is desynchronized from the endogenous circadian system, 
as may occur in ultra-rapid sleep-wake paradigms. 28 Cortisol is secreted by 
pulses and its circadian variation is associated with a change in pulses ampli¬ 
tude rather than pulses frequency. 31 * 36 A stable phase relationship was noticed 
between cortisol and melatonin secretion. Namely cortisol levels tend to 
increase when melatonin levels go down such that both hormones are nega¬ 
tively correlated. 32 * 37 Melatonin also exhibits a robust and significant circadian 
variation. 3841 Its levels peak at night during the middle of the sleep episode and 
are undetectable during the day. 40 * 4244 

The endogenous circadian component of cortisol and melatonin rhythms 
is further demonstrated by their sensitivity to light-induced phase shifts. 
Figure 4 summarizes the results of a phase-resetting experiment, using light 
of indoor intensities. 35 Eight healthy young men, aged 18-30 years, under¬ 
went an initial assessment of their endogenous circadian system by a 30-40 
hour constant routine. The constant routine is a procedure specially 
designed to unmask the endogenous circadian variation of physiological 
parameters. 45 * 46 Subjects were then exposed to a 3-cycle 5-hour light stimu¬ 
lus of an intensity of ~180 lux. The stimulus was centered 1.5 hour after the 
endogenous circadian temperature minimum, in order to produce a phase 
advance shift. 
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Figure 3. Mean 24-hr profiles of plasma cortisol. GH, PRL, and TSH in a group of 
eight normal young men (ages 20-27 years) studied during a 53-hr period including 
8 hr of nocturnal sleep, 28 hr of sleep deprivation, and 8 hr of daytime sleep. The ver¬ 
tical bars at each time point represent the SEM. The black bars represent the sleep 
periods. The open bars represent the period of nocturnal sleep deprivation. The 
dashed bars represent the period of daytime sleep. Data were sampled at 20-min inter¬ 
vals. Reproduced from 27 with permission 
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Relative ciocktime (h) 

Figure 4. Resetting of melatonin and cortisol rhythms in humans by ordinary room 
light. Endogenous circadian curves of plasma melatonin, plasma cortisol, and core 
body temperature observed during the final constant routine in two groups of subjects. 
Treatment subjects (bold lines; ± s.e.m.) were exposed to ~ 180 lux during their 3 cycles 
of 5-h light stimulus; control subjects (thin lines, mean) were exposed to ~0.03 lux dur¬ 
ing their stimulus. Results are illustrated as a function of time-of-day; clock time is 
expressed in hours with respect to the initial endogenous circadian temperature nadir 
(vertical line) which was assigned a reference value of 06:00. Reproduced from 35 with 
permission 


Circadian phase was reassessed by a final 40-50 hour constant routine. 
Blood was withdrawn every 20 and 60 min during constant routines in order 
to draw the endogenous circadian rhythms of plasma cortisol and plasma 
melatonin, respectively. A mean phase advance shift of +1.61 hour and +1.26 
hour was observed in the circadian rhythms of plasma cortisol and mela¬ 
tonin, respectively. These results contrasted with the -0.21 hour and -1.51 
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hour phase delay of these rhythms in a group of aged-matched subjects who 
underwent the same experimental manipulations of their sleep-wake cycle 
but remained in darkness during the stimulus sessions. 

In addition to its resetting effect, light exposure inhibits melatonin secre¬ 
tion at night in a dose-dependent way. 47 ' 53 The evaluation of circadian phase 
based on ambulatory melatonin measurements must thus carefully control 
for light and darkness exposure. 

GH demonstrates a small but significant variation with circadian phase 
with a small pulse at the beginning of the night. 54 ' 58 This pulse can still be 
observed in sleep-deprivation studies and is presumed to be of circadian ori¬ 
gin. 59 The increase starts in the late afternoon and continues after sleep 
onset. 6061 Under normally entrained conditions, the primary pulse is 
observed prior to bedtime in men. In women this variation is less clear since 
pulses are observed throughout the day. 62 ’ 63 The predominant surge of GH 
secretion early in the night does not persist in ultra-rapid sleep-wake para¬ 
digms indicating that its circadian control is weak. 28 

PRL also shows a small but significant circadian variation that is main¬ 
tained during sleep deprivation. 64 Peak levels are observed at night, 1-2 hours 
after peak melatonin concentrations whereas low levels occur during the 
day. 64 ’ 65 A secondary peak of PRL secretion, half the height of the main noc¬ 
turnal peak, can be observed in the afternoon. 66 

TSH levels start rising late in the evening prior to the regular bedtime and 
reach peak levels at night. 67 ’ 69 TSH levels progressively decline during sleep 
and reach minimal values at the end of the night. A small rise of TSH can 
be observed near the regular time of awakening. 70 Under sleep deprivation 
conditions, TSH exhibits a robust circadian rhythm and its levels continue to 
rise throughout the night to attain very high values. 39 57 It was suggested 
that, under normally entrained condition, sleep would blunt the nocturnal 
rise of TSH since it exerts a strong inhibitory effect on TSH secretion. 59 The 
circadian rhythm of TSH secretion is presumed to be the result of TRH 
stimulation. 71 

A significant diurnal variation of glucose and insulin secretion was 
observed in experiments of sleep deprivation, with peak levels around the 
habitual bedtime. 72 73 Namely, glucose and insulin levels rise by 16% and 49%, 
respectively at the time-of-day corresponding to the habitual bedtime. 73 An 
interaction of cortisol and food metabolism was observed. 74 Namely, the 
diurnal rhythms of glucose and insulin are negatively correlated with that of 
cortisol. 73 Pharmacological increase of cortisol levels results in an inhibition 
of insulin secretion. A marked increase of cortisol levels leads to an apparent 
delayed resistance to insulin that can last up to 16 hours. 75 Cortisol adminis¬ 
tration in the evening, combined with pharmacological suppression of 
endogenous levels, results in a rapid drop of insulin followed by a delayed 
increase of glucose and insulin. The increase in glucose levels is more pro¬ 
longed and delayed than that observed with morning cortisol administra¬ 
tion. 76 The meal-induced increase in glucose and insulin is also greater in the 
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evening compared to morning ingestion. This response has been correlated 
with the reduction of endogenous cortisol levels at night. 77 ’ 78 

A small but significant circadian rhythm of leptin secretion, a hormone 
produced by adipose tissues, was reported in experiments of sleep depriva¬ 
tion, with peak levels at night. 79 80 Leptin is secreted in pulses and its levels 
have been shown to be inversely correlated to those of ACTH and cortisol in 
humans. 81 This relationship might be the result of the inhibitory effects of 
glucocorticoids on leptin secretion. It was suggested that the increase of lep¬ 
tin levels at night could play a role in suppressing appetite. 82 The amplitude 
of this rhythm is correlated with the insulin response to food, 83 the body mass 
index, 84 and negatively correlated with the body fat mass. 84 


4. Sleep-Wake Dependent Variation of Hormones 

GH, leptin, and PRL are primarily regulated by homeostatic processes 
whereas TSH secretion is affected significantly both by circadian and sleep- 
wake-dependent processes. The major peak of GH secretion is observed 
around sleep onset in young men, 54 ’ 56 ' 58 ’ 85 ' 87 even when the sleep episode is 
delayed. 8688 This nocturnal increase of GH secretion appears related to a 
concomitant increase in pulsatile GHRH secretion. 89 The nocturnal peak of 
GH and GHRH secretion has been positively correlated with SWS and delta 
wave activity, 57 87 90 93 although controversial results have been pre¬ 
sented. 609495 GHRH-induced GH release is greater during SWS than during 
REM sleep. 96 This response is inhibited during awakening from sleep, 97 
although no change in GH secretion were reported with sleep deprivation 
during the second half of the night. 98 Interestingly, gamma-hydroxybutyrate, 
known to be a potent promoter of SWS, was found to also increase the 
amplitude of the major peak of GH, without affecting melatonin or TSH 
secretion. 99 

Sleep exerts a strong stimulant effect on PRL secretion 64 100 101 regardless of 
the time-of-day. 103 Peak PRL levels are observed during the later part of the 
sleep episode such that their distribution is quite different from that of 
Gh . 66 , 100,103 Nighttime PRL levels decrease with sleep deprivation during the 
second half of the night. 98 PRL levels increase during recovery night follow¬ 
ing sleep deprivation. 104 

TSH secretion reaches a plateau in the middle of the nighttime sleep 
episode and is inhibited by sleep. 30 68 105 TSH has been negatively correlated 
with SWS and delta wave as well as positively correlated with alpha wave, an 
index of awakening. 105 106 This could explain the reduced TSH pulse during 
recovery sleep following sleep deprivation, which is characterized by rebound 
SWS. 98 107 Sleep deprivation is associated with a significant increase in TSH 
as well as T3 and T4 concentrations. 30 ’ 69 104 107 109 

Leptin secretion increases during sleep and depends more on homeostatic 
than circadian processes. 79 Slow pulses of leptin are noticed throughout its 
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diurnal rhythm and are negatively correlated with glucose levels. 79 Insulin 
and glucose also increase during sleep regardless of the time-of-day. 72,73 An 
association between the increase of glucose during sleep and GH secretion 
has been proposed. 73 Namely insulin and glucose levels were reported higher 
at the beginning of NREM sleep and continued to cycle at about every 100 
minutes in association with REM/NREM cycles. 110 Plasma renin is another 
hormone which levels mirror the REM/NREM cycles and cycles at about 100 
minutes. 111,112 Renin increases and decreases concomitantly with slow wave 
activity. 113 

As previously described, the diurnal variation of cortisol and melatonin 
secretion is mainly dependent on the endogenous circadian system. 
Nevertheless, a small inhibition of cortisol secretion at the start of the sleep 
episode and a small increase at the start of the waking episode are observ¬ 
able. 56,114 The inhibitory effect of sleep on cortisol secretion is observed at a 
variety of clock times when subjects are studied under an ultra-rapid sleep- 
wake paradigm. 28 A negative association between cortisol levels and SWS 
was reported. 36 Reduced ACTH and cortisol response to CRH were 
observed during sleep and especially during SWS, whereas increased stimula¬ 
tion were noticed during sleep deprivation. 104,115,116 

Some studies have shown increased cortisol secretion with sleep depriva¬ 
tion 31,104,114 whereas others have not. 117,118 Partial or total sleep deprivation 
was shown to delay the early night reduction in cortisol secretion during the 
recovery sleep episode. 119 In a prior study, awakening during the second REM 
sleep episode was associated with a rapid rise of cortisol levels followed by a 
temporary inhibition such that mean cortisol levels remained unchanged. 120 
Melatonin does not appear to be much affected by sleep 59,104 Some studies 
reported increase melatonin levels with sleep deprivation, 117,121 although pos¬ 
tural changes rather than sleep deprivation could be involved. 59,122 

5. Hormonal Patterns in Shifted Sleep Schedules 

Working on irregular schedules results in acute and persistent misalignment 
between the endogenous circadian system and the shifted sleep-wake cycle. It 
also involves extended waking episodes as well as acute and chronic sleep dis¬ 
ruption. These are the presumed mechanisms by which hormonal rhythms 
are affected. 

The resulting rhythms can be interpreted as been the result of the relative 
influence of circadian and sleep-wake dependent processes. For these rea¬ 
sons, hormones such as GH and PRL are more influenced by sleep and 
waking disturbances whereas hormones such as cortisol and melatonin are 
more sensitive to circadian misalignment associated with atypical work 
schedules. 

A complex interaction between these two processes is also to be expected 
since hormones are influenced by both processes simultaneously and because 
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the quality of sleep and waking themselves is significantly influenced by cir¬ 
cadian phase. 

Spontaneous adjustment of circadian rhythms of core body temperature, 
melatonin, cortisol or TSH to shifts in the rest-activity cycle are reported in 
a minority of shift workers. 1719 21 ’ 23 123 Appropriately timed nocturnal bright 
light has proven an effective intervention to promote the realignment of 
endogenous rhythms of core body temperature, melatonin, and cortisol to a 
nocturnal reorientation of the work schedule in laboratory simulations 124128 
and in field studies 129131 (Figure 5 and 6). 

Laboratory and field studies of atypical sleep schedules confirmed that the 
secretory pulses of GH are rapidly shifted with a rapid shift of the sleep 
episode as occurs in night shift workers. 132 The main GH pulse seems to be 
more dependent on the occurrence of SWS than of sleep onset. 29 This pri¬ 
mary GH pulse is observed during the first half of daytime sleep in shift 
workers. 54 

However, the temporal distribution of GH secretion is a bit blunted com¬ 
pared to that of night sleepers, which points to an interaction between circa¬ 
dian and homeostatic processes. This interpretation is supported by the 
observation of reduced REM sleep latency in research volunteers sleeping 
during the day 54 as well as lower GH pulses in free-running subjects. 55 
Normal daytime sleep structure was reported in regular middle-aged night 
workers in association with a nearly complete GH adaptation. In these work¬ 
ers, GH pulses were more randomly distributed. 54 

The amount of GH secreted per 24 hours was comparable between night 
workers, and control subjects sleeping either at night or during the day. GH 
was significantly higher during the first half of sleep episodes in controls on 
a day schedule and in night workers, but not in controls on a night schedule 
(Figure 7). 54 This indicates possible adaptation of GH secretion in perma¬ 
nent night workers, as compared to the acute effect of an abrupt sleep dis¬ 
placement observed in control day sleepers. 

A field study of jet travel across 7 time zones was conducted in healthy young 
volunteers who flew westward from Brussels-Chicago, adapted to Chicago for 
30 days, then returned to Brussels. 133 The westward travel to Chicago resulted 
in a marked increase in GH secretion, associated with larger secretory pulses. 

GH secretion during sleep took up to 11 days to adjust to the new time 
zone. The main pulse of GH secretion occurred later in the first sleep episode 
following the return to Brussels. A GH pulse was also observed at sleep onset. 

Changes of GH might be influenced by the disturbed REM/NREM cycles 
and nocturnal awakenings. Circadian misalignment and extended waking 
episodes can markedly influence the temporal distribution of REM sleep and 
SWS, respectively. 

PRL rises at sleep onset and peaks during sleep episodes regardless of 
time-of-day (64). PRL secretion was found to be similar during daytime sleep 
episodes in shift workers but greater during their waking episodes. 19 PRL 
secretion was measured in healthy young volunteers participating in a field 
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Figure 5. Adaptation of the temperature and melatonin rhythm in night workers. 
Fifteen nurses working permanent night schedules (>8 shifts/15 days) were recruited 
from area hospitals. Following a vacation period of > 10 days on a regular daytime 
schedule, workers were admitted to the laboratory for the assessment of circadian 
phase via a 36-hour constant routine. They returned to work ~12 night shifts on their 
regular schedules under one of two conditions. Treatment group workers (n = 10, mean 
age ± SD 41.7 ± 8.8 years) received an intervention including 6 hours of intermittent 
bright light exposure in the workplace (~2,000 lux) and shielding from bright morning 
outdoor light with tinted goggles (15% visual light transmission). Control group work¬ 
ers (n = 9, mean age ± SD 42.0 ± 7.2 years) were observed in their habitual work envi¬ 
ronments. On work days, participants maintained regular sleep/wake schedules 
including a single 8-hour sleep/darkness episode beginning 2 hours after the end of the 
night shift. A second 36-hour constant routine was performed following the series of 
night shifts. The figure illustrates the progression of circadian phase from a day to a 
night-oriented schedule. The time of circadian phase, determined via the fitted mini¬ 
mum of the core body temperature cycle (upper panels) and the midpoint of salivary 
melatonin concentration (lower panels) are plotted for each worker and are expressed 
relative to in-bed times (hatched rectangles). To facilitate visualization, workers were 
assigned a relative bedtime of 00:00 for night time sleep during vacation period and 
10:00 for daytime sleep following night shifts. Sleep episodes are represented from bed¬ 
time (top) to waketime (bottom).Mean circadian phase, plotted for the groups, is 
expressed as a horizontal bar (± s.e.m.). Reproduced from 131 with permission. 


Brussels-Chicago-Brussels jet travel. 134 Baseline PRL secretion was bimodal 
with peaks during midsleep and late afternoon. 

Mean PRL secretion and relative secretion during sleep and waking 
episodes were not affected by jet lag. However, a small rise in PRL occurred 
at its original sleep time. The main PRL pulse during sleep was shifted earlier 
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Figure 6. Cortisol rhythm in night workers. Results from a subgroup of 6 nurses from 
the treatment group and 5 nurses from the control group, as described in the legend 
of Figure 4. Upper panels show the protocol for the two experimental groups of shift 
workers. Successive days are shown side-by-side and along the vertical axis. Sleep peri¬ 
ods are indicated as black bars. Hatched bars indicate constant routine procedures. 
Dark grey bars indicate periods of night shift work performed in habitual lighting. In 
the treatment group, intermittent exposure to bright light during the first 6 hours of 
night shifts is shown as light grey bars. In lower panels, mean salivary cortisol con¬ 
centration per 4 hours is shown (± s.e.m.) in both groups of workers for initial and 
final constant routines. This experiment revealed that treatment group workers dis¬ 
played significant shifts in the time of peak cortisol expression and realignment of the 
rhythm with the night-oriented schedule. Smaller phase shifts suggesting an incom¬ 
plete adaptation to the shift work schedule were observed in the control group. 
Reproduced from 146 with permission. 


in Chicago compared to its baseline position in Brussels. It also returned 
slowly to its original timing following the return flight to Brussels. The PRL 
decline during waking was slow to return to its usual pattern. These changes 
are not totally explained by sleep disturbances and suggest an interaction 
between circadian and sleep-wake dependent processes. 

Prior studies demonstrated increased cortisol and blunted ACTH response 
to CRH during night shifts compared to day shifts. 135 Compared to day 
shifts, basal cortisol and ACTH levels were significantly lower and higher 
during night shifts, respectively. It was hypothesized that reduced cortisol 
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Figure 7. GH secretion in night workers. Mean ± s.e.m. amount of GH secreted per 
hour during successive 4-hour periods for 3 groups of subjects (NSL: night sleepers; 
DSL: day sleepers; NW: night workers). In each group, the amount of GH secreted per 
hour during the sleep period is represented by shaded areas. Intragroup comparisons: 
***p < 0.001; **p < 0.01; *p < 0.05: significant differences from the first 4 h of sleep 
(23-3 for NSL and 7-11 for DSL and NW). Intergroup comparisons 000 p < 0.001: sig¬ 
nificant differences for the period (23-3) in NW versus NSL, but not in DSL versus 
NSL. Reproduced from 54 with permission 
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levels during night shifts could reduce the negative feedback and enhance 
CRH and ACTH secretion. 

In shift workers, cortisol levels are significantly higher during daytime sleep 
episodes than during nocturnal sleep in day active workers 19 (Figure 8). The 
change of cortisol secretion during daytime sleep is smaller than that 
observed during nighttime sleep. 58 Cortisol levels are lower during nighttime 
waking episodes in shift workers than during daytime waking episodes in day 
workers. 19 These observations are consistent with persistent misalignment of 
the endogenous circadian rhythm of cortisol secretion still very much 
adjusted to a day-oriented schedule. Nevertheless, partial adaptation of cor- 




SLEEP TIME (HOURS) 


Figure 8. Disturbances in hormonal rhythms of night workers. Mean ± s.e.m. hor¬ 
monal rhythms during the usual sleep time of day-active subjects (23h00-07h00) and 
of night workers (07h00-15h00) 
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tisol secretion has been reported in shift workers, with a large interworkers 
variability. 136 

A study of 24 nurses in cardiac emergency room showed that during the 
first five days on night shifts, the circadian rhythm of cortisol secretion is still 
adjusted to a day-oriented schedule, with increased concentrations in the 
morning and decreasing levels at the end of the evening. 137 The pattern was 
reversed after the fifth night in workers who adapted to the night schedule 
(Figure 9). Morning cortisol levels decreased across the shift cycle in 22 mid¬ 
dle-aged men on rapidly counterclockwise rotation. 138 Morning cortisol lev¬ 
els were significantly reduced after night shifts in 6 male residents in 
obstetrics whereas afternoon levels were normal or high. 139 Progressive reduc¬ 
tion of morning cortisol levels is consistent with some degree of circadian 
adaptation to a night oriented schedule. 137140 

Some studies reported greater cortisol levels and distorted rhythms in shift 
workers 137 ’ 141142 whereas others did not. 117118 There is considerable individual 
variability in the group of shift workers studied and work-related conditions 
may mask the expression of cortisol rhythm in the field and account for dif¬ 
ferences across studies. 23 ’ 127 

Adaptation eventually occurs following rapid travel across time zones since 
environmental synchronizers are also shifted. Adaptation of ACTH and corti¬ 
sol rhythms took about 10 days to adapt to a jet travel from Brussels-Chicago- 
Brussels. 143 The quiescent period at the start of the shifted sleep episode was 
slower to adapt compared to the peak secretory period following waketime. No 



Figure 9. Changes in cortisol secretion during shiftwork. A total of 24 nurses working 
on rotating shifts were studied. After two day shifts (left), nurses worked 7 consecutive 
nights (right). Salivary cortisol was measured every 3 hours. Mean ± s.e.m. of the means 
of cortisol concentration are illustrated. ANOVA for repeated measures indicates 
significant effects for night, hour and the interaction night x hour (all p < 0.001). 
Reproduced from 137 with permission 







340 Diane B. Boivin 


change was noticed in mean levels and amplitude of the 24-hour rhythm of 
cortisol secretion in these travelers. In shift workers, the time lag between mela¬ 
tonin peak levels and the start of the quiescent period of cortisol secretion was 
found to be stable and comparable to that of day subjects. 21 ’ 144 These rhythms 
were still mainly adjusted to a day-oriented schedule. 21 

Adaptative phase delays of cortisol and melatonin rhythms to an atypical 
work schedule is possible 145 and is influenced by the pattern of light and 
darkness exposure. 62 ’ 123 ’ 127 129 140 ’ 146 149 The ability to phase shift has been neg¬ 
atively correlated to the amplitude of the circadian rhythm of cortisol secre¬ 
tion, 150 although this issue remains a matter of controversy. 

In a previous investigation, we determined that a comprehensive 
light/darkness intervention including phototherapy in the workplace, shield¬ 
ing from bright morning light, and the maintenance of a stable and diurnal 
sleep/darkness period could promote circadian adaptation of plasma mela¬ 
tonin 131 and cortisol rhythms 140 in nurses working permanent night shifts. 
Following a 10-day vacation period on a day-oriented schedule, peak corti¬ 
sol secretion occurred as expected in the hours following the time of habit¬ 
ual awakening, and lowest concentrations were observed close to the onset 
of night time sleep (Figure 6). Baseline melatonin peaked in the middle of 
the scheduled nocturnal sleep episode and levels were undetectable in the 
afternoon. Following the period of night shift work, workers who remained 
in their habitual light environments displayed a misalignment between the 
endogenous circadian cortisol and melatonin rhythms and their sleep-wake 
schedule. This resulted in higher cortisol concentrations near diurnal bed¬ 
times whereas minimal levels were detected near the start of the night shift. 
In these workers, melatonin was still secreted at night, namely at the end of 
their night shifts. Conversely, workers who received the intervention dis¬ 
played a complete adaptation of cortisol and melatonin rhythms to the 
inverted sleep-wake cycle. 

TSH secretion is inhibited by daytime sleep. 105 During daytime sleep, a 
faster descent of TSH levels is observed whereas during nighttime waking 
TSH levels are greatly enhanced 19108 

In night workers with an 8-hour delay shift of their sleep episode, the TSH 
acrophase can occur around sleep onset 151 (Figure 10). Some degree of adap¬ 
tation of TSH secretion, consistent with that of the endogenous circadian 
temperature rhythm, can occur in night shift work. 151 

A simulated jet lag experiment with an 8-hour advance of the sleep episode 
revealed a marked increase in TSH during shift days. 70 A TSH pulse was still 
observable near the habitual onset of baseline sleep at night, although this 
circadian rise was smaller than baseline. TSH did not show its progressive 
decline during sleep episodes. In this experiment, TSH levels were reported to 
be 2-3 fold higher during the first two post-shift days. 

Sleep was disrupted during these post-shift days and TSH increased during 
awakening from sleep. Exposure to bright light from 23h00 to 15h00 limited 
the TSH increase at the end of the second shifted sleep episode. This sleep 
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Figure 10. Delay of the TSH rhythm in night workers. Mean ± s.e.m. plasma TSH 
rhythm obtained from blood sampled every 10 min in 8 day-active subjects (upper 
panel) and in 7 regular night workers (lower panel). The acrophase of the TSH 
rhythm was located in both groups at about the time of sleep onset. Reproduced 
from 151 with permission. 


episode had a better sleep efficiency and was associated with a normal TSH 
decline throughout the episode. 70 

A significant increase in glucose and insulin secretion rate occurs during 
the early nocturnal sleep and returns to baseline during late sleep. During 
nocturnal sleep deprivation, glucose and insulin secretion remain stable. 152 
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Glucose levels peak earlier during daytime recovery sleep following a night 
of sleep deprivation than during nocturnal sleep. The reduction of glucose 
and insulin secretion was smaller late during daytime sleep than during night¬ 
time sleep. 152 




Time {mm) 


Figure 11 . Postprandial hormone and metabolic responses in simulated shift work. 
Nine healthy young subjects participated to a simulated shift work experiment. A 
+9-hour advance shift of the endogenous circadian pacemaker was achieved by expo¬ 
sure to artificial bright light. Insulin and glucose response to a high carbohydrate test 
meal was investigated. The test meal was given at 13:30 during baseline and shifted 
days. In the shifted condition, it was thus administered at a circadian phase that was 
delayed by 9 hour compared to the baseline condition. Postprandial glucose (A) and 
insulin (B) response to the test meal before (filled squares) and after (open squares) 
the phase shift. Results are expressed as means ± s.e.m. Glucose and insulin response 
was significantly increased following the shift. Reproduced from 156 with permission. 
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The adaptation of glucose and insulin secretion is only partial in shift 
workers. 24 A 15% and 55% increase in glucose and insulin secretion was 
observed in response to meal when the sleep episode was displaced during the 
day. 73 A study was conducted in Antarctica on 2 women and 10 men, aged 
24-34 years, working on a rotating schedule. 153 During this study, glucose tol¬ 
erance deteriorated at the start of night shift but returned to normal after 
return to a day-oriented schedule. Volunteers studied during free-running 
conditions presented a relative glucose and lipid resistance. 154 Similar results 
were found after a simulated 9-hour advance shift using bright light expo¬ 
sure 155 ’ 136 (Figure 11). The increase in glucose, insulin, and triacylglycerol was 
dependent on meal composition. 155 

Simon and colleagues studied the 24-hour leptin secretion in seven young 
men during a regular day-oriented schedule and during an acute 8-hour delay 
shift of the sleep schedule. 79 In the baseline condition, leptin levels were 
increased during nocturnal sleep and were lower during the daytime waking 
episode. In the shifted condition, two periods of increased leptin levels were 
observed, namely during the night and during daytime sleep. 

These results support a complex interaction between circadian and sleep- 
wake dependent processes. Changes in leptin levels paralleled those of 
plasma glucose and insulin. 

A simulated jet lag study with a 12-hour shift in the light/dark cycle, 
sleep/wake cycle, and meal timing revealed that the leptin rhythm was rapidly 
shifted to the new schedule, much faster than the shift of the endogenous cir¬ 
cadian pacemaker. 157 This suggests that leptin secretion is much more influ¬ 
enced by the timing of meals than by circadian phase. 

Altogether, these studies suggest that disturbed metabolism of carbohy¬ 
drates and lipids can increase the risk of cardiovascular diseases in shift 
workers. Indeed, greater serum triglycerides, cholesterol, and impaired glu¬ 
cose metabolism were found in this population. 158160 


6. Conclusions 

Shift work has been associated with a number of health problems including 
cardiovascular disease, impaired glucose and lipid metabolism, gastrointesti¬ 
nal discomfort, reproductive difficulties, and breast cancer. 158168 

Despite years of night work, only a minority of workers show an appropriate 
reorientation of physiological rhythms such as those of 6-sulphatoxymelatonin, 
plasma melatonin, cortisol, and TSH. This can relate to the observable troughs 
in vigilance 169 172 and the fragility of sleep 12 16 173 174 particular to night work. 
Disturbed hormonal rhythms in shift work and jet travelers can be linked to a 
complex interaction of homeostatic and circadian processes. The specific con¬ 
tribution of disturbed hormonal rhythms, circadian misalignment, and sleep 
debt to the various medical problems encountered by shift workers remains to 
be clarified. 
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Melatonin, The Pineal Gland, 
and Headache Disorders 

Mario F. P. Peres 

1. Introduction 

There is increasing evidence that headache disorders have many connections 
with melatonin secretion and pineal function. I will overview in this chapter 
the putative role of melatonin in the pathophysiology and treatment of 
headache disorders. 

The nervous system evolved over the millennia to meet the demands of 
environmental conditions, including the light-dark cycle, in order to assure 
survival and reproduction of living organisms. 1 It has been demonstrated in 
the past decades that the circadian biological rhythms are not only the 
response to the 24-hour day night environment but in fact is due to a system 
in the brain. 2 A synchronization system to adapt the internal to the external 
environment is one of the key elements of the central nervous system to 
maintain life. The pineal gland and its main secretory product, melatonin, are 
the main elements for the synchronization of the internal biological events to 
the environment. Melatonin is absent during the day in humans and its noc¬ 
turnal secretion is the main biological event signaling the when is night to the 
organism. 

In humans, the pineal gland lies in the center of the brain, behind the third 
ventricle. Because its pine shape format the organ was coined “pineal” gland. 
The gland is usually 8mm in diameter weighing about lg. 3 It consists of two 
types of cells: pinealocytes, which predominate and produce both indoleamines 
(melatonin) and peptides (such as arginine vasotocin), and neuroglial cells. 4 The 
gland is highly vascular. Melatonin is a derivative of the essential amino acid 
tryptophan. The pinealocytes are the principal location for melatonin biosyn¬ 
thesis, after its uptake into cells. Tryptophan is first hydroxylated and then 
decarboxylated, resulting in the formation of 5-hydroxytryptamine (serotonin). 5 
Serotonin is N-acetylated, with the resulting formation of N-acetylserotonin 
which is subsequently O-methylated to form melatonin. 5 Melatonin is present in 
the earliest life forms and is found in all organisms including bacteria, algae, 
fungi, plants, insects, and vertebrates including humans. In all species melatonin 
synthesis exhibits a circadian rhythm. 6 

Once melatonin is synthesized in the pineal, it is quickly released, generat¬ 
ing a blood melatonin rhythm reminiscent of that seen in the gland. Being an 
amphiphilic molecule, melatonin is capable of entering every cell in the 
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organism; additionally, it readily crosses all morphophysiological barriers, 
including, the blood-brain barrier and the placenta. 7 Melatonin is enzymati¬ 
cally degraded in the liver to 6-hydroxymelatonin 8 and finally excreted in the 
urine as 6-sulfatoxymelatonin. Urine analysis is widely used as a measure of 
melatonin secretion, since it is correlated with the nocturnal profile of plasma 
melatonin secretion. 9 

Melatonin was first identified in bovine pineal tissue, 10 and has been subse¬ 
quently portrayed exclusively as a hormone. Recently accumulated evidence 
has challenged this concept. Several characteristics of melatonin distinguish it 
from a classic hormone such as its direct, non-receptor-mediated free radical 
scavenging activity. 11 As melatonin is also ingested in vegetables, fruits, rice, 
wheat, and herbal medicines, from the nutritional point of view, melatonin can 
also be classified as a vitamin. It seems likely that melatonin initially evolved as 
an antioxidant, becoming a vitamin in the food chain, and in multicellular 
organisms, where it is produced, it has acquired autacoid, paracoid, and hor¬ 
monal properties. 12 

A family of receptors for melatonin on cell membranes has recently been 
cloned. 13 The distribution of the receptors seems to be broad, species-specific, 
and G-protein-coupled. Principally, there are three high-affinity melatonin 
receptors, MELla, MELlb, and MELlc, from which the first two are found in 
humans. The gene for MELla receptor is localized into human chromosome 
4q35.1 14 and is present in both kidney and intestine. MELlb receptor is 
mapped to human chromosome 1 lq21 to 22. 15 

At present, indications for melatonin therapeutic applications include 
sleeping disorders, circadian rhythm disorders, insomnia in blind people, 
insomnia in elderly patients, aging, Alzheimer disease, and as an adjuvant in 
cancer therapy. 16 

2. Relevance of Melatonin and Chronobiology 
in Neurology 

Chronobiological disorders occurring in men can be divided in two types: 1) 
environmental or external, due to the life style or environment, as in shift 
workers, individuals crossing time zones in the jet lag syndrome, and in mal- 
adaptation to daylight savings; 2) the endogenous or internal, including the 
delayed and advanced sleep phase syndromes, and the non-24-hour sleep - 
wake disorder with free-running circadian rhythm 2 . It has been proposed that 
the endogenous type may underlie many conditions including depression, 
chronic fatigue, fibromyalgia, and migraine. 17 

Sleep is well known to play an important role as a restorative function. In 
human beings, it has a circadian rhythm, normally occurring at night, usually 
together with the nocturnal melatonin secretion. 18 This has led to the idea that 
melatonin is an internal sleeping facilitator in humans, and therefore useful in 


Melatonin, The Pineal Gland, and Headache Disorders 357 


the treatment of insomnia and the readjustment of circadian rhythms. There 
is evidence that administration of melatonin is able to induce sleep when the 
drive to sleep is insufficient; to inhibit the drive for wakefulness from the 
SCN; and to induce phase shifts in the circadian clock such that the circadian 
phase of increased sleep propensity occurs at a new, desired time. 19 

Many neurological disorders occur with a marked rhythmicity, dependent 
either on the 24-hour or the seasonal cycle. Thus maladaptation is probably 
linked to pineal function and melatonin secretion, including stroke, multiple 
sclerosis, facial paralysis, and seasonal affective disorder. 2 20 

The pineal gland is a photoneuroendocrine organ, converting external 
luminous stimuli into a hormone secretion, being responsible for the syn¬ 
chronization between the internal homeostasis and the environment. 
Consequently, an altered synchronization system may interfere with all neu¬ 
rological diseases. Sleep and circadian rhythms are often disrupted in people 
with neurological disorders. 21 The symptoms associated with neurological 
diseases may be due in part to disruption of the sleep-wake cycle. 
Alternatively, various neurological disorders may themselves disrupt the 
sleep-wake cycle, resulting in a positive feedback loop whereby disrupted 
sleep and wake exacerbate the neurological disorders while the disease itself 
has a negative effect on the sleep-wake states. 22 

Symptoms associated to those disorders may fluctuate according to a spe¬ 
cific rhythm (circaannual, circamenal, circadian) and are often related to 
either sleep or wake periods. Epilepsy, dementia, movement disorders, mul¬ 
tiple sclerosis, cerebrovascular disorders, neuromuscular disorders, and 
brain tumors have all been linked to an altered chronobiology, melatonin 
dysfunction, or benefited from melatonin treatment. 23 Primary headaches 
also follow this rule. Migraines, cluster headaches, indomethacin responsive 
headaches, and hypnic headaches have all been related to melatonin dys¬ 
function. 


3. Melatonin and Migraine 

Melatonin and migraine are linked in several ways. Clinical symptoms may 
fluctuate, some patients reporting their headaches predominantly or specif¬ 
ically at a certain period of the day. Both episodic (55%) and chronic 
(62,5%) migraineurs reported waking up in the morning with headaches or 
being woken up at night by the headache. 24 In addition, headaches occur¬ 
ring in the morning period have been attributed to sleep disorders. 25 A dis¬ 
tribution of migraine attacks according to the estrous cycle is evident 
in migraine. True menstrual migraine occurs in 14% of migraineurs. 26 
Menstrually associated migraine can occur in up to 55% of cases. 27 A cir¬ 
caannual variation can be observed in cyclic migraine 28 or in the cluster- 
migraine association. 29 
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Peres et al. 30 studied the chronobiological features in 200 chronic or 
episodic migraine patients, 93 (46.5%) reported headaches after changing 
the sleep schedule. A significant delay was presented in 54% of patients, 
ranging from -02:30 to +05:00 hs. Most patients (69%) delayed the sleeping 
phase, as opposed to those (31%) who advanced it. Individual’s shifts above 
02:00 hs represented 12.5% of patients. There is enough evidence for the rel¬ 
evancy and impact of changes in biological rhythm in migraine patients, 
and also the possible opposite effect of migraine in sleeping schedule of 
patients. 

Melatonin was first studied in migraine patients by Claustrat et al. 31 in 
1989, showing lower plasma levels on samples from patients drawn at 11 p.m. 
compared to controls. Migraine patients without depression had lower levels 
than controls, but migraineurs with superimposed depression exhibited the 
greatest melatonin deficiency. Murialdo et al. 32 also found nocturnal urinary 
melatonin significantly decreased throughout the ovarian cycle of migraine 
patients without aura as compared to controls. During the luteal phase, when 
melatonin levels should normally increase, migraine patients showed a less 
pronounced change when compared to controls. Melatonin excretion was 
further decreased when patients suffered a migraine attack. 

Brun et al. 33 studied urinary melatonin in women with migraine without 
aura attacks associated with menses and controls. Melatonin levels through¬ 
out the cycle were significantly lower in the migraine patients than in con¬ 
trols. In the control group, melatonin excretion increased significantly from 
the follicular to the luteal phase, whereas no difference was observed in the 
migraine group. Melatonin may be implicated in the pathogenesis of men¬ 
strual migraine. 

Peres et al. 34 studied plasma melatonin nocturnal profile. Thirteen sets of 
samples collected hourly from 07:00 pm to 07:00 am in chronic migraine 
patients and controls. It was observed lowered melatonin levels in patients 
with insomnia compared to those without insomnia, and a phase delay in the 
melatonin peak in patients vs controls, suggesting a chronobiological dys¬ 
function in chronic migraineurs. 

Only small studies showed a benefit in migraine patients treated with mela¬ 
tonin. Claustrat et al, 35 looked at nocturnal plasma melatonin profile and mela¬ 
tonin kinetics during melatonin infusion in six patients with status migrainous. 
Individual plasma profiles were disturbed in three migraine patients; two had a 
phase-delay and one a phase-advance. Four of the six patients reported 
headache relief the next morning after melatonin infusion began and the 
remaining two patients did so after the third night of infusion. In addition, 
three patients described that during migraines there was a decrease in the pul- 
satility of pain. 

Another study 36 investigated the effects of melatonin on varying headaches 
and their relation to delayed sleep phase syndrome (DSPS). Thirty DSPS 
patients were treated; in one patient with migraine, his attacks dramatically 
decreased after beginning melatonin treatment. One patient was successfully 
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treated during a migraine attack by means of external (pico Tesla) magnetic 
fields. 37 

An open label trial 38 investigating the effectiveness of melatonin 3 mg for 
migraine prevention in 32 patients showed a significant improvement in the first 
month of treatment, sustained to the third month. Thirty-two of 34 patients 
completed the study; 78.1% of patients (25/32) who completed the study had 
at least 50% reduction. No patients reported increase in headaches. Complete 
(100%) response was achieved in 8 patients (25%), higher than 75% red¬ 
uction was found in 7 patients (21.8%), and 50 to 75% reduction in 10 pati¬ 
ents (31.3%) after 3 months of therapy. Melatonin improved significantly 
headache frequency, headache intensity, and duration. Menstrually associated 
migraines equally decreased in frequency. Two patients withdrew from the 
study, 1 because excessive sleepiness and the other because of alopecia. Three 
patients spontaneously reported increase in libido. No changes in body weight 
occurred. 

Melatonin may be implicated in the pathogenesis of migraine, menstrual 
migraine, cyclic migraine, and chronic migraine. It might also play a role in 
migraine co morbid disorders, particularly depression and insomnia. 


4. Melatonin and Cluster Headaches 

It has been suspected that melatonin may be involved in cluster headache 
genesis, primarily because melatonin is a sensitive marker of endogenous 
rhythms, which are disrupted in cluster headache. 39 In 1984, Chazot et al. 40 
identified a decrease in nocturnal melatonin secretion and abolished mela¬ 
tonin rhythm in cluster headache patients. Waldenlind et al. 41 also showed 
lowered nocturnal melatonin levels during cluster periods than remissions. 
Determining urinary levels of 6-sulphatoximelatonin throughout the year, 
Waldenlind et al. 42 found had higher melatonin levels in women than men. 
Swedes had higher melatonin levels than Italians, and smokers lower levels 
than non-smoking cluster headache patients. Leone et al. 43 observed mela¬ 
tonin and cortisol acrophases significantly correlated in controls but not in 
cluster headache patients, indicating a chronobiological disorder in these 
patients. 

Blau and Engel 44 found that increases in body temperature after exercise, 
a hot bath or elevated environmental temperature triggered cluster 
headaches in 75 of 200 cluster headache patients. This finding can be 
explained by a decrease in melatonin secretion caused by temperature 
increase. 45 Melatonin for cluster headache prevention was then studied in a 
double-blind, placebo-controlled trial by Leone et al. 46 with significant 
decrease in cluster headache attacks in the melatonin-treated group com¬ 
pared with placebo. 

Two patients with chronic cluster headache in the trial did not respond to 
melatonin therapy, but Peres and Rozen 47 described two chronic cluster 
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headache patients who responded to melatonin 9 mg at bedtime. Melatonin 
not only prevented nocturnal cluster attacks, but daytime attacks as well. 
Nagtegaal et al. 48 studying melatonin treatment in delayed sleep phase syn¬ 
drome, identified a patient with episodic cluster headache in whom both dis¬ 
orders improved after melatonin treatment. Melatonin plays an important 
role in the pathophysiology and treatment of cluster headaches. 


5. Melatonin and Other Headaches Disorders 

Hypnic headache is a benign, recurrent headache disorder that occurs only 
during diurnal and nocturnal sleep. Headaches are often frequent, usually 
occurring every night, with striking consistency the same time every night. 49 

Hypnic headache is typical in the elderly. Since melatonin secretion signif¬ 
icantly declines with aging, one may speculate the melatonin deficiency as a 
possible cause of hypnic headache. 50 

Scarce reports have been shown improvement with melatonin treatment. 
Good response was detected in three patients, however no controlled trial has 
been conducted so far. 51 Martins and Gouveia 52 reported an interesting case 
of hypnic headache related to travel across time zones: a 68-year-old woman 
flew from Portugal to Brazil, shifting 3 hours in the sleep phase. Melatonin 
has not been given to the patient. 

Peres et al. 53 described a patient with hemicrania continua with seasonal 
variation, proposing that the melatonin chemical structure similarity to that 
of indomethacin, could be one of the possible mechanisms of action 
involved in indomethacin responsive headaches. Rozen 54 reported the case of 
a hemicrania continua patient who responded to melatonin 9 mg, and 
described 3 idiopathic stabbing headache patients treated with melatonin 
with excellent clinical response and side effect profile. 55 Future studies will 
clarify the role of melatonin in indomethacin responsive headaches, and 
hypnic headaches. 


6. Headaches, Pineal Cysts, and Other Chronobiological 
Disorders 

Pineal cysts are common findings in neuroimaging studies, found in 1.3 to 2.6% 
of brain MRIs. Sawamura et al. 56 examined brain MRIs of 6023 consecutive 
patients finding pineal cysts (> 5 mm) in 1.3% of patients imaged. The cysts 
predominantly occurred in females; 29 cysts in 3008 males (0.96%) and 50 cysts 
in 3015 females (1.65%). Young women between the ages of 21 and 30 years 
(the decade of life migraine increases its prevalence to three-fold) had the high¬ 
est frequency (5.82%). All the studies showing high prevalence of pineal cysts 
in brain MRI are biased by the recruitment criteria, usually not controlling for 
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the reason (neurological signs or symptoms) the exam was ordered. Only one 
study 57 showed what should be the right incidence of pineal cysts analyzing 
1000 asymptomatic volunteers. Incidental pineal cysts were found in brain 
MRI of only 2 patients (0.2%). 

Pineal region lesions (benign, malignant tumors or cysts) can be clearly 
symptomatic, when the lesion size (usually bigger than 15mm) compromises 
other brain structures, causing hydrocephalus. Headache is the most com¬ 
mon symptom. Unilateral headaches has been reported in pinealectomized 
subjects. 58 

Mandera et al 59 analyzed 24 pediatric patients (17 girls, mean age 9, and 
7 boys, mean age 14) with pineal cysts and found an abnormal melatonin 
secretion profile. Wober-Bingol 60 et al found 2 pineal cysts (2,1%), 7 to 8 mm, 
in 96 headache patients with MRI incidental findings. One patient with 
migraine without aura, and another with chronic tension-type headache. 
Follow-up of 16 months in both patients revealed no change in headache fre¬ 
quency and pattern, suggesting a benign nature of the lesion. 

Peres et al 61 reported 5 headache patients with pineal cysts, 4 women, 
1 man, cysts ranging from 8 to 13,5 mm. Two patients had migraine without 
aura, 1 had migraine with aura, 1 chronic migraine, and 1 hemicrania con- 
tinua. Three patients had strictly unilateral headaches. Pineal cysts may be 
not incidental in headache patients; abnormal melatonin secretion might 
hypothetically be involved in the mechanism of those patients, however this 
has yet to be determined. 

Jet lag is a travel-induced circadian rhythm phenomenon that afflicts 
healthy individuals following long-distance flights through several time 
zones. Typical symptoms are daytime sleepiness, fatigue, impaired alertness, 
headaches, irritability, loss of appetite, decrease in physical performance and 
trouble initiating and maintaining sleep. It is attributed to transient desyn¬ 
chronization in the circadian rhythm until the internal biological clock is re¬ 
phased to the new environmental conditions. 62 Headache features, diagnosis 
and impact have never been properly studied in patients with jet lag syn¬ 
drome. Peres et al 30 studied migraine patients reporting frequent traveling 
across time zones; the majority of them (79%) had their headaches worse 
after it. 

Shift work involves a substantial employed population worldwide. Pucci 
et al. 63 studied 157 employees, finding primary headaches in 26.7%, shift 
work being a major risk factor. Ho and Ong 64 studying 2096 individuals in a 
randomized survey in Singapore found that individuals who performed shift 
work had more frequent headaches. Peres et al. 30 found 86% of migraineurs 
had their headaches made worse after shift work. 

Delayed and advanced sleep phase syndromes (DSPS, ASPS) are chronic, 
long-term circadian schedule disorders. Various primary headaches were 
found in DSPS patients: 48 3 women had chronic tension-type headache, one 
patient migraine with aura, one cluster headache. Their headaches decreased 
dramatically after melatonin therapy with 5 mg. 
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7. Mechanisms 

Melatonin may play a role in headache pathophysiology via several mecha¬ 
nisms (Table 1). 

Melatonin has been shown to possess anti-inflammatory effects, among 
many others actions. By virtue of its ability to directly scavenge toxic free rad¬ 
icals, 5 it reduces macromolecular damage in all organs. The free radicals and 
reactive oxygen and nitrogen species known to be scavenged by melatonin 
include the highly toxic hydroxyl radical, peroxynitrite anion and hypochlor- 
ous acid, among others. 

Melatonin also prevents the translocation of nuclear factor-kappa B to the 
nucleus and its binding to DNA, thereby reducing the up regulation of a vari¬ 
ety of proinflammatory cytokines, interleukins and tumor necrosis factor- 
alpha. 65 Melatonin inhibits the production of adhesion molecules that 
promote the sticking of leukocytes to endothelial cells, attenuating 
transendothelial cell migration and edema. 66 

Melatonin inhibits the activity of nitric oxide synthase, 67 besides acting in 
membrane stabilization. 68 

Inhibition of dopamine release by melatonin has been demonstrated in 
specific areas of the mammalian central nervous system (hypothalamus, hip¬ 
pocampus, medulla-pons, and retina). 69 A growing body of biological, phar¬ 
macologic, and genetic data supports a role for dopamine in the 
pathophysiology of migraine. 70 

Melatonin has been related to GABA and glutamate neurotransmission, 
and both to headache pathophysiology. 71 It is thought that the hypnotic activ¬ 
ity of melatonin is mediated by the GABA ergic system. 72 Melatonin rapidly 
and reversibly potentiated the GABA-A receptor-mediated response. 73 


Table 1. Melatonin mechanisms potentially related to headache disorders. 
anti-inflammatory effect 

toxic free radicals scavenging 

nitric oxide synthase activity inhibition 

dopamine release inhibition 

membrane stabilization 

similar chemical structure to indomethacin 

GABA potentiation 

Opioid analgesia 

glutamate neurotoxicity protection 
Neurovascular regulation 
Serotonin modulation 
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Neuroprotection by melatonin from glutamate-induced excitotoxicity during 
development of the brain, 74 and the antagonistic effects of melatonin on glu¬ 
tamate release and neurotoxicity in cerebral cortex 75 have been reported. 

Melatonin induces activated T lymphocytes to release opioid peptides 
with immunoenhancing and anti-stress properties. A melatonin-immuno- 
opioids network has been proposed. Cytokines named melatonin-induced- 
opioids (MIO) has been found to act on an opioid-binding site. Since 
melatonin may behave as a mixed opioid receptor agonist-antagonist, it is 
possible to potentiate the opioid analgesic efficacy. 76 Melatonin is also 
involved in cerebrovascular regulation, 77 and modulation of serotonin neu¬ 
rotransmission (spontaneous efflux and evoked release). 78 

Future studies are necessary for a better understanding of the role of mela¬ 
tonin in the pathophysiology and treatment of headache disorders. A more 
careful clinical examination of circadian and circaannual variation in primary 
and secondary headaches in different latitudes is needed, as the study of 
headache diagnosis, impact, and treatment response in chronobiological disor¬ 
ders. Animal models of cephalic pain and the genetics involved in chronobio¬ 
logical rhythms are important tools for further research. 

Treatment of headache disorders with melatonin is promising, particularly 
in cluster headaches, hypnic headaches, indomethacin responsive headaches, 
and migraine. Melatonin may also be important in migraine co morbidity. 
Insomnia in headache patients is the most likely associated condition in 
migraine to respond to melatonin therapy. Lower melatonin levels may pre¬ 
dict response to melatonin treatment as occur in insomnia associated to other 
diseases. 79 Other chronobiotic agents, such as melatonin receptors agonists, 
light therapy, and magnetic fields can also be tested. 

Melatonin plays an important role in headache disorders, offering new 
avenues for studying its pathophysiology and treatment. 
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The Role of Peptides in Disturbed 
Sleep in Depression 

Axel Steiger 


1. Introduction 

Most patients with depression report disturbed sleep. 1 Correspondingly sleep- 
EEG changes are frequent symptoms of depression. Furthermore a set of 
neuroendocrine aberrances, particularly overactivity of the hypothalamo- 
pituitary-adrenocortical (HPA) system and changes of the hypothalamo-pitu- 
itary-somatotrophic (HPS) system is characteristically in affective disorders. 
Since sleep is a time of considerable activity in endocrine systems it is an attrac¬ 
tive approach to study sleep EEG and, by blood sampling during sleep via long 
catheter, nocturnal hormone secretion simultaneously. In young normal 
human subjects characteristical patterns of sleep-endocrine activity are 
found. During the first half of the night the major amounts of slow-wave 
sleep (SWS), slow-wave activity (SWA) and the growth hormone (GH) 
surge preponderate, whereas cortisol secretion reaches its nadir. During the 
second half of the night cortisol levels rise, the major portion of rapid-eye- 
movement sleep (REMS) occurs, and the amounts of SWS and GH are 
low 2 ’ 3 (see Figure 1). Already this pattern points to a reciprocal interaction 
between the HPS and the HPA systems with GH and cortisol, respectively, 
as their peripheral endpoints. Furthermore it is likely that common factors 
are links between the electrophysiological and the endocrine activity dur¬ 
ing sleep. This hypothesis is supported, since during depression (and simi¬ 
larly during normal aging) SWS and GH decrease, whereas HPA activity is 
enhanced. Clinical and preclinical studies showed that neuropeptides are 
these factors. Ehlers and Kupfer 4 submitted first that a reciprocal interac¬ 
tion of the peptides corticotropin-releasing hormone (CRH) and GH- 
releasing hormone (GHRH) plays a key role in the pathophysiology of 
changes of sleep-endocrine activity in depression. Since then this view was 
corroborated and amplified. This chapter intends to present the state of the 
art in this field. 


2. Sleep-Endocrine Activity in Patients with Depression 

Characteristically sleep-EEG findings in patients with depression include dis¬ 
turbed sleep continuity (prolonged sleep latency, enhanced intermittent 
wakefulness, early morning awakenings), a decrease of SWS (in younger 
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Figure 1. Individual hypnograms and patterns of cortisol and growth hormone (GH) 
secretion in 4 male subjects (young and old patients with depression and normal 
controls). 


patients a shift of the major portion of SWS from the first to the second sleep 
cycle) and REMS desinhibition (shortened REMS latency, prolonged first 
REMS period and elevated REMS density, a measure for the amount of 
rapid-eye-movements during REMS (reviewed in 5 ’ 6 ). The endocrine aber- 
rances in affective disorders are reviewed elsewhere, (HPA-system overactivity 
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reviewed in 7 and HPS-system dysfunction reviewed in 8 ). Elevated cortisol and 
adrenocorticotropic hormone (ACTH) levels were reported in most sleep- 
endocrine studies in patients with depression throughout the night or 24 h 
respectively in comparison to healthy volunteers 9;10 . The circadian pattern of 
cortisol secretion is preserved during depression. Particularly in females a 
positive correlation between age and cortisol levels was reported 10 . Enhanced 
cortisol plasma and norepinephrine levels but normal ACTH plasma and 
CRH cerebrospinal fluid (CSF) levels throughout 30 h were found in one 
study 11 . GH secretion was blunted in most 81214 but not in all 9 studies. As 
mentioned before, these findings suggest a crucial relationship between shal¬ 
low sleep, blunted GH and HPA overdrive in depression. Interestingly nor¬ 
mal aging goes ahead with changes of sleep EEG resembling those in 
depression (see below). Therefore it is likely that there are common mecha¬ 
nisms underlying the changes of sleep-endocrine activity during depression 
and aging. 

A sharp decline in the sigma frequency range in women during menopause 
was found, whereas in men these changes occurred more gradually. 15 After 
menopause sleep-endocrine alterations associated with depression are accen¬ 
tuated. This view is supported by a study on sleep-endocrine activity in pre- 
and postmenopausal women with depression and in matched controls. 
Cortisol levels were elevated in postmenopausal patients, while a decrease 
was found in postmenopausal controls. Decrease of SWS and an increase of 
REMS density were prominent in post-but not in premenopausal patients. 
An inverse correlation was found between the decline in SWS and sleep con¬ 
tinuity and follicle stimulating hormone (FSH) secretion in the patients. 
These observations suggest a role of menopause for these sleep-EEG 
changes. In premenopausal patients a shift in SWS and SWA from the first to 
the second NREMS period was found, which was not related to age or hor¬ 
mone secretion. 16 

Depression is frequently associated with loss of appetite, reduced food 
intake and weight loss. Therefore the secretion of leptin in patients with 
depression is of interest since leptin is involved in the regulation of food 
intake. In drugfree depressed patients nocturnal leptin levels were signifi¬ 
cantly higher than in age and sex matched controls. 17 The sexual dimorphism 
with higher leptin concentrations in women than in men as described before 
was confirmed in patients and in healthy subjects. Serum leptin was corre¬ 
lated with body mass index in normal controls but not in patients. This obser¬ 
vation points to an altered regulation of leptin release in depression. Neither 
in the patients with depression nor in the male controls an increase in leptin 
between 0000 and 0400 h (as reported by 18 or at any other timepoint during 
the night was found. However in the group of young healthy women (younger 
than 35 years) an increase in leptin concentrations between 0000 and 0400 h 
occurred and showed a trend to be greater than in young female patients. 
Hence in young female patients with depression the nocturnal leptin surge 


372 Axel Steiger 


appears to be blunted. As expected cortisol levels were enhanced in the 
patients. As glucocorticoids are capable to prevent the fasting induced decline 
of serum leptin, we suggest that hypercortisolism in depression might coun¬ 
teract the reduction in leptin release due to decreased food intake and weight 
loss. Elevated leptin levels in depression might in turn further promote the 
release of CRH as shown in animals 19;20 and contribute to HPA system over¬ 
activity in depression. 

Simultaneous investigation of nocturnal thyroid stimulating hormone 
(TSH) and ACTH levels in drugfree male patients with depression and 
matched controls showed a blunted TSH and elevated ACTH secretion in the 
patients. 

ACTH was negatively correlated to TSH in the first half of the night. 
These findings suggest that both pituitary hormones reflect a common dys- 
regulation of the HPA and the hypothalamic-pituitary thyroid systems in 
depression. 21 

Sleep-endocrine activity was compared longitudinally between acute 
depression and recovery in 2 studies in patients with depression. A decrease 
of ACTH and cortisol throughout 24 h and a normalization of REMS was 
reported after remission. 9 Since not all of the patients in this study were 
drugfree at the retest and most antidepressants suppress REMS 22 it is diffi¬ 
cult to differentiate between the effects of remission and of drugs. 

Intraindividual comparison of male drugfree patients 8 confirmed a 
decrease of cortisol after remission. In this study prolactin levels of the 
patients did not differ from those of younger healthy subjects and remained 
unchanged after recovery. 23 Similarly nocturnal prolactin levels did not differ 
between depressed patients and matched controls. 24 Furthermore testos¬ 
terone levels increased after recovery in male patients. 25 

The aberrant sleep EEG and the blunted GH levels, however, did not dif¬ 
fer between acute depression and recovery. Sleep EEG showed even a further 
deterioration as the number of awakenings increased and stage 4 sleep 
decreased 8 . Both studies 8;9 confirm that hypersecretion of HPA hormones is 
a symptom of acute depression. 

The decline of cortisol in remitted patients 8;9 is similar to the normaliza¬ 
tion of results of challenge test of the HPA system and of CRH CSF levels 
after recovery (reviewed in 7 ). The persistence of most sleep-EEG changes 26 
and of blunted GH levels 14 after remission has been confirmed over a period 
of 3 years. 

Obviously HPA activity normalizes independently from sleep architecture. 
Therefore hypercortisolism in depression is not a consequence of shallow 
sleep. On the other hand blunted testosterone levels in male patients appear 
to be secondary to HPA overdrive. Finally prolactin is not affected either by 
depression or by aging. The persistence of changes of sleep EEG and GH 
release after recovery may be explained as a biological scar due to the meta¬ 
bolic aberranees during acute depression. An alternative explanation would 
be that these changes represent a trait in depressed patients. This issue 
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remains unclear as long as no data are available comparing intraindividually 
the premorbid and depressed state in patients. 

In young male patients who survived severe brain injury the sleep- 
endocrine pattern resembled that of remitted patients with a history of 
depression. Several months after the injury the cortisol concentrations of 
these patients did not differ from normal controls. The GH levels and sleep 
stage 2 time of the patients however were lower than in the controls. 27 It 
appears likely that in the survivors of brain injury either HPA overactivity 
due to stress under the intensive care situation or treatment with glucocorti¬ 
coids in a subgroup contributed to the changes of NREMS and GH. 

Interestingly, in patients with primary insomnia increased nocturnal cor¬ 
tisol levels and a shorter quiescent period of cortisol was found when com¬ 
pared to controls. 28 Similarly increases of ACTH and cortisol throughout 
24 h were reported in these patients in comparison to controls. 29 These 
observations suggest similarities in the pathophysiology of primary insom¬ 
nia and of depression. This is of particular interest since epidemiological 
studies showed an elevated risk for depression in patients with persisting 
insomnia. 30 

3. Changes of Sleep-Endocrine Activity During Aging 

Sleep EEG and nocturnal hormone secretion change throughout the life 
span. These changes resemble those during depression. There is a controversy 
whether deterioration of sleep due to aging starts during puberty or during 
early adolescence. 31 It is well established however that already during the 
third decade of the life span distinct parallel decreases of SWS, SWA and GH 
secretion start. Near to the onset of the fifth decade the GH pause occurs. In 
females the menopause is a major turning point towards impaired sleep, 32 
whereas in men the sleep quality declines continuously during aging. 
Correspondingly in the elderly the amounts of SWS and SWA are low or 
SWS is even totally absent (Figure 1). Furthermore sleep continuity is dis¬ 
turbed as the sleep onset latency, and the number and duration of nocturnal 
awakenings increase and the sleep efficiency and the sleep period time 
decrease. Finally REMS time and REMS latency decrease in senescence. 
Controversial data were reported on the effects of age on HPA hormones. 
Elevated and unchanged cortisol levels have been found in the elderly. Most 
studies agree that the amplitude of the cortisol rhythm is blunted. 
Accordingly cortisol concentration at the nadir is elevated. Similar results 
were found in the largest sample of normal male control subjects (16-83 years 
old) investigated to far. 33 Only a modest effect of aging on 24 h mean corti¬ 
sol levels was observed. Aging was associated with an elevation of the corti¬ 
sol nadir, but morning maximum cortisol values remained stable across all ages. 
Increases in evening cortisol concentrations occurred after the age of 50 years, 
when sleep became more fragmented and REMS decreased. Also melatonin and, 
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in males, testosterone levels decline during aging. In contrast to most other hor¬ 
mones prolactin levels remain widely unaffected by aging. 34 

In adult depressed patients aging and depression exert synergistic effects on 
sleep-endocrine activity. 10 As a result of this synergism sleep-endocrine 
changes are most distinct in elderly patients with depression (Figure 1). 

Many preclinical and human studies demonstrated specific roles of various 
neuropeptides in the regulation of sleep-endocrine activity. 


4. The Role of Peptides in Sleep Regulation 

4.1. Growth Hormone-Releasing Hormone (GHRH) 

4.1.1. Preclinical Studies 

Beside its role as major endogenous stimulus of GH release GH-releasing 
hormone (GHRH) is an important endogenous sleep-promoting substance. 
Hypothalamic GHRH mRNA displays a circadian rhythm. In the rat the 
highest levels occur when sleep propensity reaches its maximum in these night 
active animals at the beginning of the light period. 35 Furthermore hypothal¬ 
amic GHRH contents show sleep-related variations with a nadir in the morn¬ 
ing, increases in the afternoon and decline at night. 36 

Very big supermice slept more than normal mice. 37 In giant transgenic mice 
(MT-rGH mice) plasma GH is permanently elevated and secretion pulses are 
absent. During the light period NREMS was modestly increased and REMS 
was almost doubled in these mice in comparison to normal mice, whereas 
sleep did not differ between groups during the dark period. Also after sleep 
deprivation the MT-rGH mice slept more than control mice. 38 Dwarf rats 
with deficits in the central GHRHergic transmission and reduced hypothala¬ 
mic GHRH contents showed less NonREMS (NREMS) than normal rats. 39 
In dwarf homozygous (litllit) mice the GHRH receptor is non-functional. 
Their amounts of NREMS and REMS were lower than in normal mice. 
Infusion of GH by Alzet minipumps in the dwarf mice prompted normal¬ 
ization of REMS, but not of NREMS within 9 days. GHRH, ghrelin and 
octreotide did not influence sleep EEG in the dwarf mice. These data suggest 
that (i) GHRH deficiency is associated with decreases in REMS, (ii) 
decreases in GH lead to decreases in REMS, (iii) the actions of GHRH, ghre¬ 
lin and octreotide on sleep EEG require intact GHRH receptor signaling. 40 

Intracerebroventriuclar (icv) administration of GHRH results in increases 
of SWS in rats and rabbits. 4142 The same effect occurred when GHRH was 
injected into the medial preoptic area in rats 43 or systemically to rats. 44 Vice 
versa in the rat NREMS decreased when GHRH was inhibited by receptor 
antagonists. 45 A major role of GHRH in the sleep promotion by sleep depri¬ 
vation is suggested by the observation that GHRH antibodies antagonized 
this effect in rats, 46 and hypothalamic GHRH mRNA increased after sleep 
deprivation in rats. 43 47 The sleep rebound after sleep deprivation was inhibited 
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in rats by microinjections of a GHRH antagonist into the area preoptica. 43 
Calcium levels in GABAergic neurons cultured from rat fetal hypothalamus 
increased when perfused with GHRH. 48 It is thought that many hypothalamic 
GHRH responsive neurons are GABAergic. 


4.1.2. Human Studies 

Similarly to the findings in animals 4144 repetitive intravenous (iv) administration 
of GHRH during the first few hours of the night (2200 to 0100) increased SWS 
and GH release and decreased cortisol in young normal men. 49 Mimicking the 
pulsatile endogenous release appears to be an important methodological issue 
since sleep remained unchanged after GHRH infusion. 50 Sleep promotion in 
young men by GHRH was confirmed after iv 50;51 and intranasal 52 administra¬ 
tion. The effects of repetitive iv GHRH on sleep-endocrine activity were inves¬ 
tigated in states with a change of the GHRH/CRH ratio in favor of CRH - (i) 
the second half of the night in young normal men, and (ii) in elderly normal 
men and women, (i) After repetitive iv GHRH during the early morning hours 
(0400 to 0700) no major changes of sleep EEG were found. GH increased 
whereas ACTH and cortisol remained unchanged. 53 (ii) The response of GH to 
GHRH is blunted in older men at daytime. 54 Similarly only a weak sleep- 
promoting effect of GHRH was found in a sample of elderly healthy women 
and men. The first NREMS period increased and the number of awakenings 
decreased. 55 In a similar vein intranasal GHRH in elderly healthy volunteers 
had only a weak sleep-promoting effect. 56 

In contrast to the findings in male subjects sleep was impaired and HPA 
hormones were elevated in normal and depressed women of a wide age range 
after repetitive iv GHRH (see 5.1.). Similarly we found decreases of sleep 
stage 4 and of REMS, but no change of HPA hormone secretion in young 
normal women after repetitive iv GHRH. 57 


4.2. Somatostatin 

4.2.1. Preclinical Studies 

Somatostatin acts as major antagonist to GHRH in the regulation of GH 
release. After icv somatostatin selective increases of REMS were reported in 
rats. 58 Systemic 59 and icv 60 administration of the somatostatin analogue octreo¬ 
tide decreased NREMS in rats in a dose-dependent fashion. This change was 
followed by distinct increases of SWA 2-3 hours after administration. 


4.2.2. Humans Studies 

Similarly to the findings in rats 59 60 SWS decreased in young normal men after 
subcutaneous octreotide. 61 Intermittent wakefulness increased during the sec¬ 
ond half of the night, and EEG activity in the sigma range decreased. 
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Octreotide is known to be more potent than exogenous somatostatin. This 
explains that repetitive iv somatostatin impaired sleep in normal elderly sub¬ 
jects (total sleep time and REMS decreased and wakefulness increased during 
the first sleep cycle), 62 whereas it exerted no effect in young normal men. 49 ’ 63 64 
In all these data point to a reciprocal interaction of GHRH and somatostatin 
in sleep regulation similarly to their relationship in GH regulation. The same 
dose of somatostatin which was not effective in young men impaired sleep in 
the elderly probably due to a decline of endogenous GHRH. 

4.3. Ghrelin and GH Secretagogues 

4.3.1. Preclinical Findings 

Ghrelin was identified in the stomach and hypothalamus of humans and rats 
as endogenous ligand of the GH secretagogue (GHS) receptor. 65 Beside of 
GHRH and somatostatin ghrelin is thought to be another player in the reg¬ 
ulation of GH release. Furthermore ghrelin stimulates HPA hormones and 
has a key role in the energy balance by stimulation of food intake and weight 
gain (review 66 ). Already prior to the cloning of the GHS receptor, which pre¬ 
ceded the detection of ghrelin, synthetic GHSs were known. 67 In normal mice 
systemic administration of ghrelin promoted NREMS. 40 In mice with non¬ 
functional GHRH receptors, however, ghrelin did not affect sleep EEG. 

4.3.2. Human Studies 

Similar to the effects of GHRH repetitive iv ghrelin enhanced SWS and GH in 
young normal men. 68 In contrast to the effects of GHRH, which blunted corti¬ 
sol in young men 49 ACTH and cortisol increased, particularly during the first 
half of the night after ghrelin. 68 The response of GH to ghrelin was most potent 
after the first injection and lowest after the fourth injection. Vice versa cortisol 
secretion showed an inverse pattern of response. We suggest that ghrelin acts as 
an interface between the HPA and HPS systems. The pattern of hormone 
changes after ghrelin resembles the effects of repetitive iv administration of the 
synthetic GHSs GH-releasing peptide-6 (GHRP-6) 69 and hexarelin. 70 The sleep 
EEG-effects of these compounds however differed from the influence of ghre¬ 
lin. After GHRP-6 sleep stage 2 increased. 69 whereas after hexarelin SWS and 
SWA decreased, probably due to a change of the GHRH/CRH ratio in favor of 
CRH. 70 Oral administration of the GHS, MK-677, for one week had a distinct 
sleep-promoting effect in young men and only a weak effect in elderly controls. 71 


4 A, Corticotropin-Releasing Hormone (CRH) 

4.4.1. Preclinical Studies 

The HPA system mediates the reaction to acute physical and psychological 
stress. The stress reaction starts with the release of CRH from the parvocel- 
lular portion of the paraventricular nucleus of the hypothalamus. This results 
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in the secretion of ACTH from the anterior pituitary and finally in the secre¬ 
tion of cortisol (in humans) or corticosterone (in rats) from the adrenocor- 
tex. Various co-factors contribute to this cascade (review: 7 ). 

lev administration of CRH decreased SWS in rats 41 and rabbits. 72 
Furthermore in rats even after 72 h of sleep deprivation CRH reduced SWS, 
prolonged sleep latency and increased REMS. 73 

In the Lewis rat the synthesis and release of CRH is reduced due to a hypo¬ 
thalamic gene defect in comparison to the related Fisher 344 and Sprague- 
Dawley rat strains. In Lewis rats wakefulness was reduced and SWS was 
elevated in comparison to intact strains. REMS did not differ between 
strains. After iev administration of CRH waking was enhanced similarly in 
Lewis and Sprague-Dawley rats. Obviously the mechanisms mediating the 
response to exogenous CRH are intact in the Lewis rats. 74 Studies on the 
effects of CRH antagonists in rats reported conflicting results. The CRH 
antagonists, a-helical CRH and astressin reduced wakefulness in a dose- 
related manner when given before the dark period. 75 These findings suggest 
that CRH contributes to the regulation of physiological waking periods. In 
another study 76 a-helical CRH was effective only in stressed rats. In these rats 
REMS was enhanced. It decreased to values of the non-stressed condition 
after the substance. Astressin, however, did not influence REMS in stressed 
rats, whereas it lead to normalization of increased wakefulness. 77 Since after 
sleep deprivation a-helical CRH diminished selectively the REMS rebound 
in rats, stress acting via CRH is thought to be the major factor inducing this 
rebound. 78 Some of this preclinical work 76 78 suggests, that CRH promotes 
REMS. According to their work Chang and Opp, 77 however, suggested, that 
CRH is not directly involved in the regulation of REMS. They hypothesized 
that the increase of REMS in stressed rats 76 is mediated by prolactin. 
The CRH receptor antagonist NBI 30775 (R121919) attenuated stress- 
induced sleep disturbances in rats, particularly in those animals with high 
innate anxiety. 79 


4.4.2. Human Studies 

Similarly to the preclinical findings 4172 pulsatile iv administration of human 
CRH (2200 to 0700) in young normal male subjects decreased SWS and 
REMS. In addition the GH surge was blunted and cortisol increased dur¬ 
ing the first half of the night. 80 Hourly iv injections of 10 pg CRH (0800 - 
1800) did not affect sleep EEG during the following night, whereas mela¬ 
tonin decreased. 81 This finding suggests a reciprocal interaction between 
HPA activity and melatonin secretion. In young healthy male subjects EEG 
activity in the sigma frequency range increased during the first 3 sleep cycles 
both after a single iv bolus of CRH during the first SWS period and during 
wakefulness. 82 The responsiveness of the sleep EEG to CRH appears to 
increase during aging. This hypothesis is supported by a study comparing 
the influence of a single dose of ovine CRH given 10 min after sleep onset 
in young and middle-aged normal male subjects. 83 In the young men sleep 
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EEG remained unchanged, whereas SWS decreased and wakefulness 
increased in the middle-aged subjects. 

From the human study the influence of endogenous CRH on REMS is 
uncertain since CRH suppressed REMS. 80 Studies on the sleep-EEG effects 
of ACTH and cortisol help to differentiate the central and peripherally medi¬ 
ated sleep-EEG changes after CRH in humans. Nocturnal infusions of 
ACTH decreased REMS in normal controls, 84 whereas cortisol and GH 
increased. 85 Repetitive iv administration of the synthetic ACTH (4-9) ana¬ 
logue ebiratide prompted a set of sleep-EEG changes corresponding to a gen¬ 
eral central nervous system (CNS) activation, whereas REMS, GH and 
cortisol remained unchanged. 86 

Since the pioneering work of Gillin 87 it is known that certain steroids 
modulate sleep. 88 Also continuous infusion (2300 - 0700) 89 and pulsatile 
iv administration (1700 - 0700) of cortisol, increased SWS 90 and SWA 91 
and reduced REMS in young normal male subjects. GH increased after 
cortisol. 9091 Similarly SWS and GH increased and REMS decreased 
after pulsatile iv boluses of cortisol in normal elderly males. 92 Since CRH 80 
and cortisol exerted opposite influences on SWS 8990 and GH 9092 it 
appears unlikely that these effects are mediated by the changes of periph¬ 
eral cortisol levels. It is more likely that negative feedback inhibition of 
endogenous CRH induces these changes. Because CRH, 80 ACTH 85 and 
cortisol 89 90 diminish REMS in contrast to ebiratide, REMS suppression 
may be mediated by cortisol after each of these hormones. Similarly the 
inhibition of cortisol synthesis by metyrapone reduced SWS and cortisol in 
normal male controls whereas REMS was not affected. 93 In this study 
endogenous CRH was probably enhanced since ACTH was distinctly ele¬ 
vated. In the rat subcutaneous administration of corticosterone increased 
wakefulness. 94 

Sleep-EEG changes after 9 days treatment in patients with multiple sclero¬ 
sis with the glucocorticoid receptor (GR) agonist methylprednisolone dif¬ 
fered from acute effects of cortisol. REMS latency was shortened, REMS 
density increased and a major portion of SWS shifted from the 1 st to the 2 nd 
sleep cycle. These changes are similar to the sleep EEG in patients with 
depression. 95 


4.5. Neuropeptide Y (NPY) 

4.5.1. Preclinical Studies 

Opposite effects of CRH and neuropeptide (NPY) were found in animal 
models of anxiety (review: 96 ). Similarly in sleep regulation NPY, besides 
GHRH appears to be a physiological antagonist of CRH. (i) After icv 
administration of NPY to rats EEG spectral activity changed similarly to the 
effects of benzodiazepines. 97 (ii) The prolongation of sleep latency by CRH 
was antagonized dose-dependently by NPY in rats. 98 
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4.5.2. Human Studies 

In young normal men repetitive iv administration of NPY prompted 
decreases of sleep latency, the first REMS period, and increases of stage 2 
sleep and sleep period time and blunted cortisol and ACTH secretion." These 
data suggest that NPY participates in sleep regulation, particularly in the tim¬ 
ing of sleep onset as an antagonist of CRH acting via the GABA a receptor. 

4.6. Galanin 

4.6.1. Preclinical Studies 

Galanin is a peptide that is widely located in the mammalian brain and coex¬ 
ists in neurons with various peptides and classical neurotransmitters partici¬ 
pating in sleep regulation. It is also known to stimulate GH via GHRH in 
man. 100 A cluster of GABAergic and galaninergic neurons was identified in 
the ventrolateral preoptic area, which is thought to stimulate NREMS. 101 
Sleep in the rat remained unchanged after icv galanin, whereas REMS depri¬ 
vation induced galanin gene expression. 102 


4.6.2. Human Study 

The effects of two dosages of galanin (4 x 50 pg and 4 x 150 jig respectively) 
administered hourly between 2200 and 0100 h on sleep endocrine activity in 
healthy young men were tested. Galanin increased REMS during the 3 rd sleep 
cycle with no difference between the doses. EEG spectral analysis revealed an 
increase in the delta and theta frequency range during the total night after the 
lower dose of galanin, but not after the higher dose. The secretion of GH, 
cortisol and prolactin remained unchanged after each of the doses. These 
data suggest that galanin is another sleep-promoting peptide. Since GH lev¬ 
els remained unchanged it is unlikely that GHRH is involved in the increase 
of SWA after galanin. An inhibitory effect of galanin at the locus coeruleus 
may contribute to the increases in REMS and in SWA. 103 


5. Effects of Peptides in Patients with Depression 
5.1. GHRH 

The influence of pulsatile iv administration of GHRH during the first few 
hours of the night was tested in drugfree patients of both sexes with depres¬ 
sion (age range 19-76 years) and in matched controls. A sexual dimorphism in 
the response to GHRH was found. In male patients and controls GHRH 
inhibited ACTH during the first half of the night and cortisol during the sec¬ 
ond half of the night. In contrast these hormones were enhanced in females, 
regardless whether they were healthy or depressed. Similarly NREMS and 
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particularly stage 2 sleep increased and wakefulness decreased in male patients 
and controls. Opposite sleep-impairing effects were found in women. These 
data confirm a reciprocal antagonism of GHRH and CRH in males, whereas 
a synergism of GHRH and CRH is suggested in females. The latter issue may 
contribute to the increased prevalence of mood disorders in women. 10104 

5.2 Galanin 

4 x 50 pg galanin or placebo were given hourly between 0900 and 1200 to 
patients with depression who were on a stable dose of trimipramine. 105 In 
the night following administration of galanin the REMS latency increased. The 
Hamilton Depression Rating Scale Score was determined 30 min before 
the first, and 30 min after the last injection. The improvement in this rating was 
significantly greater after galanin than after placebo. These data suggest an 
acute antidepressive effect of galanin by a mechanism related to that of thera¬ 
peutic sleep deprivation. 

5.3. NPY 

In patients with depression of both sexes with a wide age range and age- 
matched controls the sleep latency was shortened after NPY whereas cortisol 
and ACTH levels and other sleep-EEG variables including the first REMS 
period remained unchanged. 106 

Obviously the influence of NPY on the timing of sleep onset is a robust 
effect since it was found in in the rat model; 41 in young normal controls; 99 in 
normal controls of both sexes with a higher age and in patients with depres¬ 
sion as well. On the other hand HPA hormones were suppressed in the young 
men, but not in patients with depression and matched controls. 


5.4. CRH Antagonism 

5.4.1. Cortisol 

Patients with depression received hourly injections of cortisol (1 mg per kg 
body weight) or placebo from 1900 to 0700. After cortisol GH, NREMS and 
particularly SWS increased. 107 

These effects resemble the findings after cortisol administration in young 
and elderly normal controls. 89 ' 92 The changes of sleep-endocrine activity may 
be explained by feedback inhibition of CRH. 


5.4.2. The CRH-1 Receptor Antagonist NBI 30775 

In a first clinical trial the CRH-1 receptor antagonist NBI 30775 (R121919) 
showed antidepressive effects and was well tolerated. 108 A random subgroup 
of these patients underwent three sleep-EEG recordings (before treatment, at 
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the end of the first week and at the end of the fourth week of active treat¬ 
ment). SWS increased compared with baseline after one week and after four 
weeks. The number of awakenings and REMS density showed a trend to 
decline during the same time period. 

Separate evaluation of these changes with panels of two dose ranges 
showed no significant effect at lower doses, whereas in the higher dose range 
after the substance REMS density decreased and SWS increased between 
baseline and week 4. Furthermore positive associations between Hamilton 
Depression Rating Scale Scores and SWS at the end of active treatment were 
found. Taken together CRH-1 receptor antagonism appears to induce nor¬ 
malization of sleep-EEG changes. This study suggests that (i) CRH overdrive 
contributes to shallow sleep and REMS desinhibition in depression as well, 
and (ii) CRH-1 receptor antagonism is a way to counteract these changes. 

6. Conclusions 

A bidirectional interaction between sleep EEG and endocrine activity is well 
established. Various peptides exert specific effects on the sleep EEG. In 
Figure 2 a model of peptidergic sleep regulation in humans is displayed. 

It is well documented that a reciprocal interaction of the neuropeptides 
GHRH and CRH plays a key role in sleep regulation. GHRH promotes 
sleep, at least in males, whereas CRH enhances vigilance and impairs sleep. 
Furthermore GHRH and CRH exert opposing effects on GH and the HPA 
hormones. Changes in the CRH.GHRH ratio in favor of CRH contribute to 
shallow sleep, elevated cortisol secretion and blunted GH during depression 
and aging. Due to synergism of these processes aberrances of sleep-endocrine 
activities are most distinct in elderly depressed patients. Interestingly recent 
data suggest CRH-like effects of GHRH in women. Several studies, particu¬ 
larly the administration of the CRH-1 receptor agonist NBI-30775 in 
patients with depression and some, but not all studies on the effects of CRH 
antagonists in the rat model suggest that CRH promotes REMS. NPY is 
another antagonist of CRH, particularly in the timing of sleep onset in 
humans and rats. Besides of CRH somatostatin appears to be another sleep¬ 
impairing peptide. Acute administration of cortisol was shown to enhance 
SWS and GH in young and elderly normal human controls and in patients 
with depression, probably due to feedback inhibition of CRH. Furthermore 
REMS was suppressed in healthy volunteers after cortisol. In contrast sub¬ 
chronic administration of the GR agonist methylprednisolone in patients 
with multiple sclerosis prompted some sleep-EEG changes resembling those 
in patients with depression. These data suggest that synergism of elevated 
CRH and of its peripheral consequence, elevated glucocorticoid levels con¬ 
tributes to REMS desinhibition during depression. Besides of GHRH 
galanin and ghrelin were shown to promote SWS. Studies in dwarf mice sug¬ 
gest that intact GHRH receptors are the prerequisite for the effect of ghrelin 
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Figure 2. Model of peptidergic sleep regulation. 
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on sleep. Galanin is colocalized with GABA in the ventrolateral preoptic 
nucleus. Many hypothalamic GHRH responsive neurons are GABAergic. 
Galanin, ghrelin and GHRH may either act in a synergistic fashion or these 
peptides may be part of a cascade resulting in the promotion of NREMS. It 
appears likely that GABAergic neurons mediate the effects of these peptides. 
Treatment of patients with depression with the CRH receptor-1 antagonist 
NBI 30775 resulted in a normalization of the characteristical sleep-EEG 
changes. This is the first encouraging application of research on peptides in 
sleep regulation. 
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Neuroendocrine Correlates of Sleep 
in Premenstrual, Pregnant, 
Postpartum and Menopausal 
Depression 
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Diane L. Sorenson, Gina G. Zirpoli, Ana M. Lopez, Neal 
Basavaraj, and Barbara L. Parry 

1. Abstract 

1.1. Objective 

To compare groups of normal control (NC) women with depressed patients 
(DP) diagnosed with Premenstrual Dysphoric Disorder (PMDD) or major 
depressive episode (MDE) during pregnancy, postpartum, peri- or post¬ 
menopause, with respect to neuroendocrine correlates of sleep architecture. 
We hypothesized that NC and DP would differ in the pattern of relationships 
between neuroendocrine and sleep measures across reproductively related 
depressions. 

1.2. Methods 

We measured sleep by polysomnography (PSG), and levels of plasma mela¬ 
tonin and serum prolactin, cortisol, and thyroid stimulating hormone (TSH) 
at 30-minute intervals, from 18:00-11:00 h in NC and DP. We sampled estra¬ 
diol, progesterone, luteinizing hormone and follicle stimulating hormone at 
18:00 and 06:00 h. 

1.3. Results 

Correlations between sleep and neuroendocrine measures varied widely, as a 
function of diagnosis. Cortisol was related to sleep variables in PMDD and 
in pregnant and postpartum DP. In menopausal DP, FSH was related to 
Stage 4 and Delta sleep. Women with PMDD had more Stage 2 and less Stage 
3 sleep than pregnant and postpartum patients. 
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1.4. Conclusion 

Levels of circulating cortisol, melatonin, prolactin, and the cortisol-to-mela- 
tonin ratio may be associated with differences in sleep architecture in a diag¬ 
nosis-specific fashion. 

2. Sleep Disturbances in Mood Disorders 

Major depression is about twice as common in women as in men, 1 ' 3 and 
women’s depressive episodes often occur during times of reproductive hor¬ 
monal change - at puberty, during oral contraceptive use, the premenstrual 
or ovulatory phase of the menstrual cycle, during pregnancy or the postpar¬ 
tum period, or during the transition to menopause (see reviews of Parry 4 5 ). 
A growing body of objective polysomnographic (PSG) data also implicates 
sleep disturbances in depression (e.g., see review of Benca et al. 6 ). Compared 
with insomniacs and normal controls (NC), the sleep of depressed patients 
(DP) is characterized by reduced total sleep time (TST), lower sleep effi¬ 
ciency, early awake time, shorter rapid eye movement (REM) latency, 
increased REM density, and increased number of awakenings. 7 Similarly, 
Taub 8 observed reduced TST, REM latency, and REM duration in DP as 
compared with NC. 

Studies have examined the association of neuroendocrine measures of 
melatonin, cortisol, prolactin, thyroid stimulating hormone (TSH), and 
reproductive hormones - estrogen (E2), progesterone (P4), luteinizing hor¬ 
mone (LH), and follicle stimulating hormone (FSH) - on sleep during the 
menstrual cycle, in premenstrual dysphoric disorder (PMDD), pregnancy, 
the postpartum period, and menopause. For a review of sleep studies, see 
Parry et al. 9 

2.1. Neuroendocrine Studies in Premenstrual 
Dysphoric Disorder 

As defined in the Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition, (DSM-IV), 10 Premenstrual Dysphoric Disorder (PMDD), 
formerly Premenstrual Syndrome (PMS), may be linked to mood disorders. 
Neuroendocrine disturbances have been implicated in PMDD, as described 
below. 

Melatonin: In healthy women, Nair et al. 11 found a phase delay of the noc¬ 
turnal peak of melatonin secretion during the mid-menstrual period (midcy¬ 
cle), although melatonin was sampled only every 2 to 4 hours at two points 
in the cycle and without documentation of estradiol or progesterone levels. 
Brzezinski et al. 12 and Berga and Yen 13 found that in NC women, melatonin 
circadian rhythms are relatively stable and resistant to hormonal influences 
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during the menstrual cycle. Shibui et al. 14 reported that serum melatonin 
secretion was significantly decreased in the luteal compared with the follicu¬ 
lar menstrual cycle phase in 8 healthy women undergoing an ultrashort sleep- 
wake cycle schedule. 

Parry et al. 15 observed that although melatonin rhythms in eight NC 
women did not change significantly during four phases of the menstrual 
cycle, the eight women with PMDD had an earlier (phase-advanced) offset of 
melatonin secretion, which contributed to a shorter secretion duration and a 
decreased area under the curve (AUC). In a larger follow-up study 16 of 21 
PMDD and 11 NC subjects, in PMDD subjects, during the luteal compared 
with the follicular menstrual cycle phase, melatonin onset time was delayed, 
duration was compressed, and AUC, amplitude and mean levels were 
decreased. In NC subjects, melatonin rhythms did not change significantly 
with the menstrual cycle. 

Cortisol: In 8 healthy women undergoing ultrashort sleep-wake cycles, 
Shibui et al. 14 observed that the amplitude of cortisol rhythms was signifi¬ 
cantly decreased in the luteal compared with the follicular menstrual cycle 
phase. 

In a pilot study of eight women with prospectively documented PMS who 
underwent multiple samplings for cortisol during midcycle (late follicular) 
and the late luteal menstrual cycle phase, Parry et al. 17 reported increased 
serum cortisol levels during the midcycle phase. In a study of 20 women with 
late luteal phase dysphoric disorder (LLPDD) 18 and 11 NC subjects, in 
whom cortisol levels were measured every 30 minutes from 18:00-09:00 h 
during the midfollicular (MF) and late luteal (LL) menstrual cycle phase, 
Parry et al. 19 found that in NC, but not in LLPDD, subjects, the cortisol 
peak was significantly delayed in the LL compared with the MF menstrual 
cycle phase. In a separate study of 15 women with PMDD and 15 NC sub¬ 
jects, Parry et al. 20 again observed altered timing but not quantitative meas¬ 
ures of cortisol secretion in PMDD: in the LL versus MF phase, the cortisol 
acrophase occurred one hour earlier, on average, in NC, but not in PMDD 
subjects. 

TSH: In a study of 8 healthy women undergoing ultra-short sleep-wake 
cycle schedules, Shibui et al. 14 found that the amplitude of the TSH rhythm 
was significantly decreased in the luteal compared with the follicular men¬ 
strual cycle phase. 

In a study of the circadian rhythms of TSH in 23 PMDD and 18 NC 
subjects in which samples for TSH were measured every 30 minutes from 
18:00-09:00 h during MF and LL menstrual cycle phases, Parry et al. 21 
observed that TSH rhythms occurred earlier in PMDD than in NC subjects. 

Prolactin: In a study of 20 women with LLPDD and 11 NC subjects, 
Parry et al. 19 measured prolactin every 30 minutes from 18:00-09:00 h dur¬ 
ing MF and LL menstrual cycle phases. In LLPDD patients, prolactin peak 
and amplitude were higher, and acrophase earlier, than in NC subjects. In a 
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separate study of 23 PMDD and 18 NC subjects, Parry et al. 21 measured 
prolactin every 30 minutes from 18:00-09:00 h during MF and LL menstrual 
cycle phases and found that PMDD patients had higher prolactin concen¬ 
trations, consistent with previous findings. 

2.2. Neuroendocrine Studies of Depression 
During Pregnancy 

Melatonin, cortisol, thyroid, prolactin and reproductive hormones have been 
linked to mood changes occurring during pregnancy and postpartum (see 
review, Parry et. al., 22 - 23 Wisner and Stowe 24 ). 

Melatonin: Parry et al. 25 studied 7 women with a MDE during pregnancy 
and 2 normal control subjects matched for age and month pregnant in which 
plasma melatonin was measured every 30 minutes from 18:00-11:00 h in dim 
(<50 lux)/dark conditions. Compared with NC subjects, DP tended to have 
lower mean melatonin peak and AUC, shorter duration, and earlier offset 
(but not onset) time. These differences, however, were not significant in this 
relatively small sample. Suzuki et al. 26 reported significant differences in the 
cortisol/melatonin ratio between poor sleepers (lower values) and good sleep¬ 
ers (higher values) during late pregnancy, as assessed by subjective sleep logs. 
Other investigators have observed increased melatonin levels or delayed off¬ 
set in MDE. 9 - 27 31 

Cortisol: Mean cortisol between 18:00-24:00 h was significantly lower 
(p < .05) in DP compared with NC subjects. 

TSH: Parry et al. 25 observed a non-significant trend toward lower TSH in 
DP compared with NC subjects. 

Prolactin: Parry et al. 25 found no significant differences in mean prolactin 
levels between DP and NC subjects. 

2.3. Neuroendocrine Studies of Postpartum Depression 

Postpartum depression is classified as a MDE in DSM-IV (1994). 

Melatonin: Parry et al. 23 measured plasma melatonin every 30 minutes 
from 18:00-11:00 h in dim (<50 lux)/dark light in 11 women with a MDE 
postpartum and 4 NC women matched for age and postpartum month. DP 
had a trend towards higher mean melatonin peak and AUC compared with 
NC subjects. Timing measures (onset, offset, duration) were not significantly 
different between groups. 

Although not systematically studied in postpartum women, melatonin lev¬ 
els were reported lower in a majority of studies comparing DP with NC sub¬ 
jects, 1 1,32 ‘ 40 and we found and replicated lower melatonin circadian rhythms 
in patients with PMDD and in combined pregnant and postpartum DP com¬ 
pared with NC. 1516 ’ 25 ’ 41 - 42 

Cortisol: Harris et al. 43 in 120 primiparous women measured saliva twice 
daily for cortisol and progesterone from 2 weeks before delivery to day 35 
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postpartum. Seven women developed major depression postpartum. Lower 
levels of evening cortisol, but not progesterone, in the immediate peripartum 
period were associated with postnatal depression. In a study of 11 postpar¬ 
tum DP and 4 NC subjects, in which serum samples for cortisol were 
obtained every 30 minutes from 18:00-11:00 h, Parry et al. 44 observed no sig¬ 
nificant differences in cortisol between DP and NC subjects. 

TSH: In a study of 11 postpartum DP and 4 NC subjects, in which serum 
samples for TSH were obtained every 30 minutes from 18:00-11:00 h, Parry 
et al. (unpublished observations) found a non-significant trend toward lower 
TSH in DP compared with NC subjects. 

Prolactin: Hyperprolactinemia has been associated with depressive symp¬ 
toms. 4547 Harris et al. 48 observed that in 147 postpartum mothers, 14.9% of 
whom were depressed, plasma prolactin levels were inappropriately low in 
depressed women who breast-fed. Abou-Saleh et al. 49 in a single morning sam¬ 
ple found significantly lower plasma prolactin levels in women with postpar¬ 
tum depression. In a study of 11 postpartum DP and 4 NC subjects, in which 
serum samples for prolactin were obtained every 30 minutes from 18:00-11:00 
h (Parry et al., unpublished observations), we found that in breastfeeding 
mothers, PRL was elevated in DP relative to NC [mean (±SD) = 104.9 (±19.2) 
vs. 25.6 (±24.8) ng/ml, p = .045]. 

2 A. Neuroendocrine Studies of Menopause 

Melatonin: Blaicher et al. 28 evaluated overnight urinary 6-sulfatoxymelatonin 
(6-SMT) excretion in 60 postmenopausal women. Compared with controls, 
6-SMT values were significantly higher in depressed females. Patients with 
hyperprolactinemia showed a trend towards an elevated average nocturnal 
melatonin concentration. Melatonin levels were significantly lower in patients 
with insomnia and obesity. In a study of the effects of HRT in menopausal 
DP versus NC, Parry et al. 9 , reported that DP did not differ from NC sub¬ 
jects on melatonin variables of onset, offset, duration, or AUC at baseline or 
after E2 treatment. 

Cortisol: Prinz et al. 50 in a study of 42 women (mean age 69.6 years), of 
whom 20 were on estrogen replacement therapy (ERT), found that elevated 
24-hour urinary free cortisol was associated with impaired sleep and earlier 
awakening in older women not on ERT, but not in women on ERT. 
Antonijevic et al. 51 reported that nocturnal cortisol secretion, sampled every 
30 minutes between 20:00-22:00 h and every 20 minutes between 22:00 and 
07:00 h, was increased in 9 postmenopausal patients with depression, while a 
decrease was noted in 9 postmenopausal controls. 

Parry et al. 9 studied menopausal DP versus NC after hormone replace¬ 
ment therapy (HRT): Mean levels of serum cortisol measured at baseline did 
not differ between NC and DP (n = 12, 7 respectively). In the subgroup that 
received estradiol treatment (oral 17-(3 estradiol, l-2mg; 6 NC, 4 DP), how¬ 
ever, total serum cortisol across time was lower in DP than in NC subjects. 
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E2 or other treatments (progesterone: medroxyprogesterone acetate, 2.5-5.0 
mg in NC; antidepressant (AD): fluoxetine, 10-40 mg in DP) did not signifi¬ 
cantly alter mean total cortisol levels in either group. Cortisol amplitude and 
mesor also were lower in DP than in NC. Amplitude was lower in DP than in 
NC after E2 treatment. After E2 plus P4 treatment in NC subjects, cortisol 
acrophase occurred earlier compared with baseline. 

TSH: Ballinger et al. 52 reported that clinically depressed late pre¬ 
menopausal women had significantly higher levels of TSH. In a study of the 
effects of HRT in menopausal DP versus NC by Parry et al. 9 , mean TSH lev¬ 
els did not differ between NC and DP at baseline. After E2, but not other 
treatments, TSH values increased relative to baseline in NC, but not in DP. 
For TSH nadir, there was a significant treatment x diagnosis interaction. 
TSH nadir and mesor increased with E2 treatment in NC but not in DP. 

Prolactin: Among non-depressed women, Schiff et al. 53 studied the effects of 
conjugated estrogens (0.625 mg) and placebo in 10 postmenopausal women 
during sleep and found that estrogen compared with placebo administration 
blunted LH and prolactin changes, but not the rise in cortisol. Fernandez 
et al. 54 found that morning levels of serum prolactin were lower during 
menopause compared with the pre- or peri-menopause. In a study of the effects 
of HRT in menopausal DP versus NC, 9 mean prolactin levels did not differ in 
NC and DP at baseline. E2 treatment produced a treatment x time x diagnosis 
interaction: DP, but not NC subjects, had elevated mean prolactin levels from 
18:00 to 23:00 h and from 05:00 to 10:00 h, but not from 23:30 to 04:30 h. E2 
plus AD treatment also raised mean prolactin levels in DP. Prolactin amplitude 
increased after E2 treatment in both NC and DP (p = .046). Prolactin mesor 
was higher in DP than in NC. 


3. Methods 

3.1. Subjects: General Characteristics 

DP met DSM-IV criteria for a MDE, without psychotic features; NC sub¬ 
jects were without DSM-IV Axis I or II disorders in themselves or first- 
degree relatives. Prior to admission, all subjects had a history and physical 
examination and laboratory tests for a chemistry panel, thyroid indices, and 
complete blood count, urinalysis and urine toxicology screen. All were non- 
smokers, without significant cardiovascular, pulmonary or metabolic disease, 
were off psychoactive or other medication, including oral contraceptives (for 
four weeks), alcoholic beverages or other over-the-counter or recreational 
substances (for 72 hours prior to entering the study) that would interfere with 
neuroendocrine measures. Patients with bipolar illness, primary anxiety dis¬ 
orders (e.g., panic or obsessive-compulsive disorder) or substance abuse or 
dependence were excluded. In DP and NC subjects, there could be no history 
of alcohol abuse within the last year. Patients with primary sleep disorders, 
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habitual sleep durations of < 6 or > 10 hours per night, or sleep onset times 
not entrained to between 21:30-00:30 h, sleep/wake cycles not synchronized 
with the 24 h environmental day/night cycle, and shift workers were excluded. 


3.1.1. Characteristics of Subjects in Individual Studies 

PMDD: Aged 18-45 years, 26 NC (mean age: 36.5 ± 5.6 years) plus 30 DP 
(mean age: 36.5 ± 4.6 years) who met DSM-IV criteria for PMDD were stud¬ 
ied. Subjects were tested during the follicular and luteal phases of the men¬ 
strual cycle; we report only results of the luteal phase, when mood differences 
between NC and DP are the greatest. 

Pregnant: Aged 19-45 years, 2 NC (mean age: 28.0 ± 12.7 years) plus 7 DP 
(mean age: 30.0 ± 8.1 years) who developed a non-psychotic MDE within 
their first 34 weeks of pregnancy participated. 

Postpartum: Aged 18-45 years, 4 NC (mean age: 28.8 ± 5.1 years) plus 
11 DP (mean age: 31.3 ± 6.6 years) who developed a DSM-IV non-psychotic 
MDE with onset within three months postpartum participated. Both breast¬ 
feeding and non-breast-feeding women were included. 

Menopause: Aged 45-72 years, 10 DP (mean age: 55.7 ± 7.4 years) and 
14 NC (mean age: 53.1 ± 3.6 years) participated. DP were peri- or post¬ 
menopausal women who met DSM-IV criteria for a MDE. NC were 
postmenopausal, without menses for at least one year. FSH was greater than 
40 mIU/ml. 55 Participants were required to provide documentation of a nor¬ 
mal PAP smear and mammogram within the last year. Both groups had no 
HRT treatment for 3 months prior to the study. DP needed to be off antide¬ 
pressant medication at least 2 weeks (for fluoxetine, 1 month) prior to enter¬ 
ing the study. 

3.2. Screening Measures 

Subjects were screened by an initial telephone interview and underwent a 
Structured Clinical Interview for DSM-IV (SCID) 56 to confirm a diagnosis. 
To document mood symptoms, NC (for one month; 2 months for PMDD) 
and DP (for at least 2 weeks; 2 months for asymptomatic/control patients in 
the menstrual study) completed daily ratings for symptoms of depression, 
anxiety, fatigue, irritability, withdrawal, appetite, physical discomfort and 
alertness on a 100 mm line visual analogue scale. Each week trained clini¬ 
cians (inter-rater reliability kappa coefficient > .85), blinded to diagnosis 
and treatment condition, evaluated mood with a 24-item Hamilton 
Depression Rating Scale (HDRS) 57 which included an atypical depressive 
symptom inventory 58 and a mania rating scale. 59 Subjects also completed 
the Beck Depression Inventory (BDI). 60 Postpartum women completed the 
Edinburgh Post-Natal Depression Scale (EPDS) 61 weekly. For inclusion, DP 
needed to have mean HDRS ratings > 14; BDI ratings > 10, and > 10 on the 
EPDS for a minimum of 2 weeks. NC subjects had no clinically significant 
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mood changes during the month, with mean HDRS ratings <8, BDI ratings 
< 5, and EPDS ratings < 5. 

3.3. Hospital Admissions 

Following screening, evaluation and pre-admission baseline measures, we 
admitted subjects meeting criteria to the General Clinical Research Center 
(GCRC) of the University of California, San Diego (UCSD) Medical 
Center. The 1 st night of admission was an adaptation to the sleep laboratory in 
which oximetry and periodic leg movements were recorded to rule out sleep 
disorders, after which subjects were allowed to go out on pass for the day. 
Following the adaptation night, subjects returned to the CRC at 16:30 h and 
were placed in relatively dim light (< 30 lux). CRC nurses checked their hemo¬ 
globin levels and blood pressures. During Night 2, C3 or C4 electroencephalo¬ 
gram (EEG), bilateral extraorbital electro-oculogram (EOG), and sub-mental 
electromyogram (EMG) recordings were obtained, and blood samples (3cc) 
were collected every 30 minutes from 18:00-11:00 h. Serum samples for E2, P4, 
FSH and LH were obtained at 18:00 and 06:00 h. In a preliminary subset of 
subjects, we found less than 30 minutes of difference in wake time between 
nights of sleep with and without the intravenous catheter. 

3.4. Analyses 

Assay Methodology: E2, P4, FSH, LH, plasma melatonin, serum cortisol, 
TSH and prolactin were assayed by previously described methods. 1619 

Plasma Melatonin: For pregnant, postpartum, and menopause studies, 
onset time, offset time, duration, peak, and area under the curve (AUC) were 
determined as follows: Onset time was defined at the first value exceeding the 
mean of 18:00-20:00 h values plus 2 standard deviations (SD) (threshold) 
followed by 2 consecutive points of equal or greater magnitude; Offset time 
was the first value below the threshold followed by 2 consecutive points of 
equal or lesser magnitude; Duration (h) was the time between onset and off¬ 
set; Peak was the single highest concentration; AUC (pg/ml/h) was the inte¬ 
grated value for the concentration between onset and offset time. For PMDD 
studies, onset, offset, duration, peak and AUC were calculated by previously 
described methods. 15 

Sleep measures: All-night PSG recordings (EEG, EOG, sub-mental EMG) 
were digitized, stored on optical discs and scored visually in 30 second epochs 
without knowledge of conditions for sleep stages according to Rechtschaffen 
and Kales 62 criteria by sleep technicians (interrater reliability k coefficient 
0.85). The technicians were trained in the J. Christian Gillin Laboratory of 
Sleep and Chronobiology to produce standard sleep variables [total sleep 
time, sleep efficiency, sleep latency, stage 1-4 (minutes and percent), delta 
(minutes and percent), Rapid Eye Movement (REM) latency, density, and 
time (minutes and percent), wake time after sleep onset]. 
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Statistical Methods: PSG, neuroendocrine, and reproductive hormone dif¬ 
ferences were evaluated using Group X Diagnosis Multivariate Analyses of 
Variance (MANOVA), univariate ANOVAs, and unadjusted t-tests for follow¬ 
up comparisons. Two-tailed (non-directional) hypotheses were assumed for all 
comparisons. Relationships between PSG indices and neuroendocrine meas¬ 
ures were assessed with Pearson correlation coefficients, with the exception of 
some of the evaluations of the relationship of PRL with sleep, which were car¬ 
ried out using partial correlations, controlling for breastfeeding status and 
BMI. To reduce bias (Type 1 error) associated with multiple comparisons, only 
correlations whose two-tailed significance exceeded p = .01 were reported. 


4. Results 

4.1. Relationship of Sleep Variables to Neuroendocrine 
Measures 

4.1.1. Menstrual Cycle (MC) Studies: PMDD (DP) and NC 

Sleep with Melatonin: In NC, plasma melatonin from 04:00-11:00 h was posi¬ 
tively correlated with sleep end time (r = .563, p = .008). Mean melatonin 
throughout the collection period (18:00-11:00 h) was positively correlated with 
Stage 3 minutes (r = .767, p = .000) and Stage 3% sleep (r = .748, p = .000). In 
DP, mean melatonin was not significantly correlated with sleep variables. 

Sleep with Cortisol: In NC, mean serum cortisol from 18:00-11:00 h was cor¬ 
related negatively with total sleep time (r = - .577, p = .008), sleep efficiency 
(r = - .658, p = .002), and Stage 2 minutes (r = - .570, p = .009), and positively 
with wakenings after sleep onset (r = .666, p = .001). In DP, cortisol from 18:00- 
01:00 h was negatively correlated with REM minutes (r = - .446, p = .017), and 
REM% (r = - .484, p = .009). Cortisol from 18:00-01:00 h was positively cor¬ 
related with Stage 2% sleep (r = .546, p = .003). 

Sleep with Cortisol/Melatonin Ratio. In NC, the log total cortisol/total mela¬ 
tonin ratio was negatively correlated with Stage 3 sleep minutes (r = - .708, 
p = .000) and Stage 3% sleep (r = - .684, p = .001). (In DP, the log total corti¬ 
sol/total melatonin ratio was negatively correlated with Stage 3 sleep minutes 
(r = - .414, p = .029) when the conventional (p < .05) criterion was applied). 

Sleep with Prolactin: In NC and DP mean serum prolactin was not signif¬ 
icantly correlated with sleep variables. 

Sleep with TSH: In NC and DP, TSH was not significantly correlated with 
sleep variables. 

Sleep with Reproductive Hormones: 

Estrogen: In NC, mean serum E2 concentration was positively correlated 
with Stage 2 minutes (r = .623, p = .003). In DP, mean serum E2 concentra¬ 
tion was not significantly correlated with sleep variables. 

Progesterone: In NC and DP, P4 was not significantly correlated with sleep 
variables. 
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LH: In NC and DP, LH was not significantly correlated with sleep variables. 
FSH: In NC and DP, FSH was not significantly correlated with sleep 
variables. 


4.1.2. Pregnancy 

Sleep with Melatonin: In NC and DP, melatonin was not significantly corre¬ 
lated with sleep variables. 

Sleep with Cortisol: In pregnant DP, cortisol from 01:30 - 08:30 h was pos¬ 
itively correlated with REM minutes (r = .939, p = .005). 

Sleep with Cortisol/Melatonin Ratio. In pregnant DP, the cortisol/mela¬ 
tonin ratio from 01:30-08:30 h was negatively correlated with Stage 2 sleep 
minutes (r = -.934, p = .006). 

Sleep with Prolactin: In NC and DP, prolactin was not significantly corre¬ 
lated with sleep variables. 

Sleep with TSH: In Pregnant DP, mean TSH from 04:00-11:00 h was pos¬ 
itively correlated with REM density (r = .939, p = .006). 

Sleep with Reproductive Hormones: 

Estrogen: In pregnant NC and DP, E2 was not significantly correlated with 
sleep variables. 

Progesterone: In pregnant DP, mean serum P4 concentration was not sig¬ 
nificantly correlated with sleep variables. 

LH: In pregnant NC and DP, correlations between LH and sleep variables 
were not statistically significant. 

FSH: In pregnant DP, FSH was positively correlated with Stage 2 minutes 
(r = .894, p = .007); in pregnant NC, correlations between FSH and sleep 
variables were not statistically significant. 


4.1.3. Postpartum 

Sleep with Melatonin: In postpartum DP, mean total melatonin (18:00-11:00 h) 
was positively correlated with Stage 3% sleep (r = .805, p = .005). 

Sleep with Cortisol: In postpartum DP, mean serum cortisol from 01:30- 
08:30 h was negatively correlated with total sleep time (r = - .780, p = .008) 
and REM minutes (r = - .794, p = .006). In postpartum NC, correlations of 
cortisol with sleep variables were not statistically significant. 

Sleep with Cortisol/Melatonin Ratio. In postpartum DP, the log total cor¬ 
tisol/total melatonin ratio was negatively correlated with Stage 3 sleep min¬ 
utes (r = - .767, p = .010). In NC, the cortisol/melatonin ratio was not 
significantly correlated with sleep variables. 

Sleep with Prolactin: In postpartum NC and DP, zero-order correlations 
between prolactin and sleep variables were not statistically significant. However, 
partial correlations - controlling for breastfeeding and body mass index (BMI) 
- indicated that in DP (but not NC), mean total PRL from 01:30-08:30 h was 
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positively correlated with Delta minutes (r = .904, p = .005), and negatively 
correlated with wake after sleep onset (r = - .894, r = .007) and Stage 2% sleep 
(r = -.898, p = .006). PRL from 18:00-01:00 h was positively correlated with 
Stage 3 minutes (r = .924, p = .003) and Stage 3% sleep (r = .946, p = .001). 

Sleep with TSH: In postpartum NC and DP, TSH was not significantly 
correlated with sleep variables 

Sleep with Reproductive Hormones: 

Estrogen: In postpartum NC and DP, E2 was not significantly correlated 
with sleep variables. 

Progesterone: In postpartum NC and DP, P4 was not significantly corre¬ 
lated with sleep variables. 

LH: In postpartum NC and DP, LH was not significantly correlated with 
sleep variables. 

FSH: In postpartum NC and DP, FSH was not significantly correlated 
with sleep variables. 

4.1.4. Menopause 

Sleep with Melatonin: In NC, mean plasma melatonin from 04:00-11:00 h 
was positively correlated with sleep onset time (r = .819, p = .000). In DP, 
melatonin was not significantly correlated with sleep variables. 

Sleep with Cortisol: In NC, mean serum cortisol from 09:00-11:00 h was 
negatively correlated with Stage 2% sleep (r = - .787, p = .002). In DP, corti¬ 
sol was not significantly correlated with sleep variables. 

Sleep with Cortisol/Melatonin Ratio. In menopausal DP, the log total corti¬ 
sol/total melatonin ratio was negatively correlated with sleep latency (r = - .887, 
p = .010). In NC, the cortisol/melatonin ratio was not significantly correlated 
with sleep variables. 

Sleep with Prolactin: In menopausal NC and DP, serum prolactin was not 
significantly correlated with sleep variables. 

Sleep with TSH: In menopausal NC and DP, TSH was not significantly 
correlated with sleep variables. 

Sleep with Reproductive Hormones: 

Estrogen: In menopausal NC and DP, E2 was not significantly correlated 
with sleep variables. 

Progesterone: In menopausal NC and DP, P4 was not significantly corre¬ 
lated with sleep variables. 

LH: In menopausal NC, serum LH was positively correlated with REM 
latency (r = .752, p = .005). In menopausal DP, correlations between LH and 
sleep variables were not significant. 

FSH: In menopausal NC, serum FSH was not significantly correlated with 
sleep variables. In menopausal DP, FSH was positively correlated with Stage 
4 minutes (r = .907, p = .002), Delta minutes (r = .957, p = .000), and Delta 
% sleep (r = .901, p = .002). 
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4.2. PSG Variables: Across the Lifecycle in Diagnostic 
Groups 

Between-group differences in sleep characteristics were evaluated separately 
for NC and DP. Salient group differences (p < .05) are highlighted below. 


4.2.1. Normal Controls 

In the menstrual cycle studies, NC had more Stage 2% sleep than postpartum 
and menopausal NC; less Stage 3% sleep than pregnant, postpartum and 
menopausal NC; and less Delta % sleep than postpartum NC. 

Menopausal NC had more REM% sleep and more REM density than 
postpartum NC (see Table 1). 


Table 1 . Group Differences in Sleep Characteristics in Normal Control vs. Depressed 
Patients (p-values in parentheses). (Analyses adjusted for Age as a covariate.) Some 
non-significant contrasts are presented [in brackets] for comparison purposes. 



Normal Control (Mean ± SEM) 

Depressed (Mean ± SEM) 

Total Sleep Time 


Pregnant > Postpartum (.022) 

Sleep Efficiency 

Sleep Latency 


Postpartum > Pregnant (.002) 
Postpartum > PMDD (.000) 

Wake After Sleep 

Onset 

[Postpartum < Menopause (.118)] 

Stage 1% 


Pregnant > PMDD (.020) 


[PMDD > Pregnant (.296)] 

PMDD > Pregnant (.023) 

Stage 2% 

PMDD > Postpartum (.045) 

[PMDD > Postpartum (.066)] 


PMDD > Menopause (.003) 

Menopause > Pregnant (.020) 


PMDD < Pregnant (.028) 

Menopause > Postpartum (.040) 
PMDD < Pregnant (.000) 

Stage 3% 

PMDD < Postpartum (.001) 

PMDD < Postpartum (.000) 


PMDD < Menopause (.002) 

Menopause < Pregnant (.014) 

Stage 4% 


Menopause < Postpartum (.036) 
Menopause < PMDD (.028) 

Delta % 

Postpartum > PMDD (.002) 

Menopause < Pregnant (.033) 
Menopause < Postpartum (.018) 

REM % 

Menopause > Postpartum (.044) 

[Menopause < PMDD (.072)] 

REM Latency 

REM Density 

Menopause > Postpartum (.043) 

PMDD < Pregnant (.004) 

[PMDD < Postpartum (.068)] 

Sleep Onset Time 


PMDD < Menopause (.003) 
Postpartum > Pregnant (.013) 

Sleep End Time 


Postpartum > PMDD (.011) 
Pregnant > PMDD (.043) 
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4.2.2. Depressed Patients 

Women with PMDD had more Stage 2% sleep than pregnant DP, and more 
Stage 4% sleep than menopausal DP. They had a shorter sleep latency than 
postpartum DP; less Stage 3% sleep than pregnant and postpartum DP; 
lower REM density than pregnant and menopausal DP; earlier sleep end 
time; and less Delta % sleep than postpartum DP. 

Unlike NC, pregnant DP had increased total sleep time (Figure 1), reduced 
Stage 1 and Stage 3 minutes, reduced REM density, and earlier sleep end time 
when compared with the other groups (combined). 

Pregnant DP also had (1) more Stage 1% sleep, Stage 3% sleep, Delta % 
sleep, REM density, and later sleep end time than PMDD women; and (2) 
more Stage 3% sleep and Delta % sleep than menopausal DP. Pregnant DP 
had less Stage 2% sleep than PMDD and menopausal DP. 

Menopausal DP had greater REM density than postpartum DP. 


4.3. PSG Variables: Differences between NC and DP 
across Reproductively-Related Groups 

4.3.1. Menstrual Cycle 

Differences between NC and DP were not significant. 

4.3.2. Pregnancy 

Mean plasma melatonin was lower in pregnant DP than in NC from 
04:00-11:00 h (p = .003; see Figure 2). Mean serum cortisol was elevated in 
both NC and DP pregnant subjects, relative to the other groups (p = .000). 
However, mean serum cortisol was lower in pregnant DP than in NC from 
18:00-01:00 h (p = .006). Pregnant DP (but not NC) had elevated mean LH lev¬ 
els relative to PMDD, postpartum, and menopausal DP (all p-values < .000). 



Normal Controls Depressed Patients 


OB PMDD 
C3 Pregnant 
BO Postpartum 
E3 Menopause 


(NC*21 DP*2S> 
(NC*04 DP=07) 
(N&sQS OP«11) 
{NC-14 DP*0B> 


Figure 1. Mean total sleep time per group in NC vs. DP. Numerals in parentheses 
indicate N/group. Asterisk denotes significant differences between Pregnant DP and 
other DP groups, combined: * = p < .05. 
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Figure 2. Mean morning plasma melatonin levels in NC vs. DP. Numerals in paren¬ 
theses indicate N/group. Asterisks denote significant differences between DP and the 
corresponding NC group: * = p < .05; *’ = p<.01. 


4.3.3. Postpartum 

DP had more REM% sleep than NC (22.1% vs. 16.4%, respectively; p = .029); 
no other DP vs. NC differences were statistically significant 

4.3.4. Menopause 

NC and DP did not differ significantly in any neuroendocrine or sleep char¬ 
acteristics. 


5. Discussion 

While few reliable correlations between neuroendocrine and sleep variables 
were noted and differences in patterns between NC and DP were small, 
reliable correlations between neuroendocrine measures and some sleep 
parameters were found. 

5.7. Sleep and Melatonin 

We found lower melatonin in DP relative to NC in PMDD and pregnant sub¬ 
jects, as reported previously for other MDEs. 113240 In contrast to Blaicher, 28 
however, we found no difference in melatonin levels in menopausal NC and DP. 

Increased melatonin is associated with behavioral inhibition, increased 
total sleep time, and deeper stages of sleep, such as delta sleep. We found 
plasma melatonin to be correlated with sleep end time, stage 3 minutes and 
Stage 3% sleep in NC, in menstrual cycle studies, and with Stage 3% sleep in 
postpartum DP. 

5.2. Sleep and Cortisol 

Consistent with the present findings, Eriksson et al. 63 reported increased cor¬ 
tisol concentrations in pregnant women. Our results suggest that, more than 
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other neuroendocrine measures, serum cortisol may be associated with 
changes in sleep architecture in PMDD, as suggested by significant correla¬ 
tions with Stage 2 sleep % and REM sleep %. In studies of NC during the 
menstrual cycle, cortisol was correlated with total sleep time, sleep efficiency, 
wake after sleep onset and Stage 2 sleep. Cortisol also was related to Stage 2 
sleep in menopausal subjects, and to REM sleep in pregnant and postpartum 
subjects; however the direction of the observed correlations (both positive 
and negative) was highly dependent on diagnosis. Because of the relatively 
small ft’s involved in these studies, these results must be regarded as tentative. 

Some of our results support the notion that, in contrast to melatonin, cor¬ 
tisol elevation is associated with increased alertness and arousal (lighter 
stages of sleep, reduced deeper stages of sleep, less restorative sleep, reduced 
total sleep time, lower sleep efficiency, increased wake after sleep onset, less 
delta, stage 3 and stage 4 sleep). Among menstrual cycle NC and postpartum 
DP, higher cortisol was associated with reduced total sleep time; in menstrual 
cycle NC, higher cortisol was associated with lighter, rather than deeper sleep 
(e.g., negative correlation between serum cortisol and sleep efficiency, posi¬ 
tive correlation with wake after sleep onset). As suggested by Suzuki, 26 the 
cortisol/melatonin ratio also was related to some sleep variables. In support 
of this hypothesis, we found that log total cortisol/melatonin ratio was nega¬ 
tively correlated with Stage 3 sleep minutes in menstrual cycle NC and post¬ 
partum DP, and with sleep latency in menopausal DP. Also, in pregnant DP 
(but not NC), higher cortisol/melatonin ratio was associated with an increase 
in lighter (Stage 2) sleep. 

5.3. Sleep and Prolactin 

Hyperprolactinemia may be associated with depressive symptoms. 4547 In the 
present studies, higher prolactin in postpartum DP was associated with ele¬ 
vated Stage 3 and delta sleep, fewer awakenings, and reduced “light” (Stage 2) 
sleep, when breastfeeding status and BMI were controlled for statistically. 
Thus, prolactin, which we found to be elevated in breastfeeding postpartum 
DP, relative to breastfeeding NC, 25 might promote deeper, more restorative 
sleep in postpartum DP. 

5.4. Sleep and Reproductive Hormones 

Touzet et al. 64 reported a positive correlation between serum FSH levels and 
sleep duration in normally cycling women aged 19-44 years. In the present 
study, we observed a strong correlation between FSH and measures of Stage 4 
and Delta sleep in older, menopausal DP; few sleep measures were related to 
reproductive hormone measures in the other diagnostic groups. 

Pregnant DP, who had longer sleep times, also had higher serum LH levels 
than PMDD, postpartum and menopausal DP. This finding contrasts with 
earlier reports 65 66 indicating that elevated LH secretion was associated with 
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sleep disruption. The fact that sleep was systematically interrupted in the ear¬ 
lier studies (as a treatment for depression) may account for the discrepancy, 
since subjects were allowed to sleep through the night in the present study. 

5.5. Reproductive Condition and Restorative Sleep 

Pregnant subjects slept more and had deeper stages of sleep compared with 
other diagnostic groups (see Figure 1). We also observed alterations in the rel¬ 
ative proportions of Stage 2 and Stage 3 sleep in some of the groups studied 
(see Table 1). For example, pregnant, postpartum, and menopausal NC had 
less Stage 2 and more Stage 3 sleep than menstrual cycle NC, reflecting lighter 
stages of sleep and more deep, restorative sleep, respectively. This trend was evi¬ 
dent, but less pronounced among DP. Thus, a shift from lighter toward deeper, 
more restorative sleep may characterize pregnant and postpartum DP (which 
may reflect altered progesterone levels 67 ), relative to PMDD. In contrast, that 
menopausal DP participants had more Stage 2%, and less Stage 3% sleep and 
Delta% sleep than pregnant and postpartum subjects suggests that reduced 
Stage 3 and Delta sleep may characterize menopausal depression, consistent 
with findings in other MDE and in aging individuals. 68 More enduring depres¬ 
sive symptoms over time may become more manifest on PSG measures. 69 


6. Summary 

Based on these initial observations, further work specifying neuroendocrine 
correlates with sleep during different reproductive-related events in well- 
defined diagnostic groups is warranted. Elucidating the relationship of the 
cortisol/melatonin ratio to sleep measures especially would be valuable. 
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Neuroendocrine and Behavioral 
Correlates of Sleep Deprivation: 

A Synthesis of Neurobiological 
and Psychological Mechanisms 

Mehmet Yucel Agargun and Lutfullah Besiroglu 

1. Introduction 

There is a burgeoning literature related to an alteration in mood and behavioral 
variables after total or partial sleep deprivation. For example, acute sleep 
manipulations usually are followed by a temporary improvement in mood in 
major depression; however, there is a regression to the previous status of 
depression after any subsequent sleep. 1 It is may also be asserted that morning 
mood improves when REM sleep is intact but worsens after a night of sleep 
deprivation in normal volunteers. 2 Given that sleep deprivation results in dif¬ 
ferent treatment responses in normal healthy or depressed subjects, emotional 
or behavioral concomitants of sleep deprivation correlate with its neuroen¬ 
docrine bases. In this chapter, firstly, we briefly review neuroendocrine aspects 
of sleep deprivation in healthy and depressed subjects. Secondly, we look at 
emotional and behavioral results in response to sleep deprivation in clinical 
samples. Another aim of this chapter is to try to figure out how these correlates 
concomitantly interact with each other. Finally, we discuss the therapeutic con¬ 
sequences of sleep deprivation in a within-sleep mood regulation process. 


2. Neurohormones and Sleep Deprivation 

We will briefly review the basic data in the literature on hormonal response 
to sleep deprivation including Growth Hormone, Ghrelin, Somatostatin, 
Hypothalamic-Pituitary-Adrenal Axis (HPA), Hypothalamic-Pituitary- 
Thyroid Axis (HPT), Prolactin, Neuroactive steroids, Vasoactive intestinal 
peptide, Insulin, and Sex Hormones in this chapter. 

GHRH is one of the best documented sleep-promoting substances. Its 
administration enhances non-rapid-eye-movement (NREM) sleep whereas 
its inhibition reduces spontaneous sleep and sleep rebound. Growth hor¬ 
mone’s major peak occurs shortly after sleep onset in association with the 
first slow wave sleep (SWS) episode is blunted during sleep deprivation 
(SD). 3 However, the blunting of the normal sleep-related GH pulse is corn- 
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pensated during the day. The amount of GH secreted during a 24 h period 
is similar whether or not a person has slept during the night. 4 The sleep dep¬ 
rivation-induced changes in GH secretion might depend on the age of the 
subject. 5 

Ghrelin, an endogenous ligand of the growth hormone secretagogue recep¬ 
tor, has been shown to promote slow-wave sleep. 6 During the first hours of 
sleep, ghrelin might promote sleep-associated GH secretion and contribute to 
the promotion of SWS. 7 During sleep, ghrelin levels increases during the 
early part of the night and decreased in the morning. This nocturnal increase 
is blunted during SD. 

There is a reciprocal interaction of GHRF and somatostatin in sleep reg¬ 
ulation. Inhibition of endogenous GHRF by somatostatin suppresses both 
NREM and GH secretion. 8 SD suppress somatostatin (SRIH) mRNA levels 
significantly in rats, and this suppression is significantly higher after dark 
onset than in the morning. 9 

HPA has been generally proposed as the integrator of the behavioral and 
autonomic responses to stress. Sleep, in particular deep sleep, has an inhibitory 
influence on the HPA. While none of the adrenal hormones rise during SD 
were found in early reports, 1011 more recently, it has been reported that SD like 
a stressor can lead to a mild activation of the HPA axis and elevated plasma 
concentrations of glucocorticoids in both humans and rats. 1214 However, RSD 
may not be sufficient to induce the activation of the HPA axis. 15 

Corticotropin-releasing factor (CRF) administration results in EEG acti¬ 
vation associated with increased behavioral activity and decreased sleep time. 
CRF decreases SWS sleep time both in rats and humans and modifies the 
sleep pattern in sleep deprived rats. 1617 R121919, a CRH-receptor-antagonist 
decreases REM and sleep time and increases SWS density significantly. 18 In 
the rats, after the SD period, CRF levels significantly increases in the stria¬ 
tum, limbic areas, pituitary and decreases in the hypothalamus. 19 In 
depressed subjects, baseline nonsupression of cortisol with dexametasone 
in depressed patients has been shown to normalize after one night of SD. 20 ’ 21 
Increased levels of cortisol have been found after SD by Bouhuys et al 22 
though most studies do not demonstrate between HPA response and SD. 23 24 
These results do not support enough a role for the HPA axis in the antide¬ 
pressant effects of SD. Furthermore, 83% of those who experience a benefi¬ 
cial response after a single night of SD relapse within 2 days. 25 

There is a close link between sleep, wakefulness and HPT axis. Sleep sup¬ 
presses TSH releases while the normal circadian pattern of TSH levels 
reaches a peak in the early morning hours and a nadir during the day. SD 
stimulates TSH secretion in animals, healthy subjects and depressed 
patients. 2627 This increased activity is perhaps secondary to the increased 
energy requirements of continuous wakefulness. 

SD activates the tubuloinfundibular dopaminergic system and enhances 
dopamine release. Increasing dopamine activity is the final inhibitory path¬ 
way of prolactin regulation. 28 
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Some neuroactive steroids are potent modulators of an array of ligand¬ 
gated ion channels and of distinct G-protein coupled receptors, and they can 
influence sleep and memory. 29 Whereas the concentrations of neuroactive 
steroids are altered in depression and normalize after antidepressant phar¬ 
macotherapy, partial SD does not affect the concentrations of neuroactive 
steroids either in responders. 30 

Vasoactive intestinal peptide (VIP) has been shown to increase rapid eye 
movement (REM) sleep in normal and insomniac animals. REM SD pro¬ 
duces an increase in the density of VIP receptors in several brainstem and 
forebrain structures in rats. 31 

SD results in decreased insulin sensitivity at peripheral receptor sites which 
can eventually lead to insulin exhaustion at pancreatic sites. 32 33 

A decreased levels of androstanedione, dihydrotestosterone, estradiol 
were produced by sleep deprivation period in early stage (24-h restless 
period) after SD. 34 ’ 35 These alterations are not observed in the levels of FSH 
and LH. All alterations tend to return base line levels after 24-h recovery 
period. 36 


3. Emotional Consequences of Sleep Deprivation 

It is well-known that therapeutic SD’s effects on brain metabolic rates, espe¬ 
cially in limbic areas, may correlate with a therapeutic response to a night of 
sleep loss and to antidepressant medication. 38 According to a meta-analysis 
of sleep deprivation conducted by Wu and Bunney, 25 50-60% of depressed 
patients display a transient improvement of mood after TSD. However, 
almost about 80% of unmedicated TSD responders relapse into depressed 
mood after the next night of sleep. Thus, the clinical usefulness of SD is lim¬ 
ited. Furthermore, there is specific question: Is there a variation in response 
to SD? Several factors may affect treatment response to SD. First of all, a 
shortened REM latency predicted a positive response to sleep deprivation. 
Several authors 39 ’ 40 reported that TSD responders, in contrast to non¬ 
responders, exhibited a prolongation of REM latency after TSD. In accor¬ 
dance with this finding, some evidence shows that those with an 
“endogenous” pattern to their depression have a better response rate to sleep 
deprivation than “neurotic” depressions. 41 Thus, subtypes of depressive dis¬ 
orders are also related with treatment response to SD. Wu and Bunney 25 
reported a response rate of 67% vs. 48% for “endogenous” vs. “neurotic” 
depressive subtypes. Another clinical variable affecting the efficacy of SD is 
diurnaL variation. Diurnal mood variation has been positively correlated 
with response to sleep deprivation. 42 . Unipolar vs. bipolar diagnosis also 
appears to affect treatment response. Bipolar depressed patients respond to 
sleep deprivation significantly more often than unipolar depressed 
patients. 43 Interestingly, patients who show more “activation,” who are less 
tired, show more behavioral activation, increased vigilance. 44 Finally there is 
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a difference in response variation in terms of neuroimaging. A relative 
increase in cingulate activity has been seen before sleep deprivation in 
responders vs. nonresponders and in responders vs. control populations. 
Responders clearly demonstrate a decrease in this cingulate activity after 
response to sleep deprivation. 45 

Selective REM sleep deprivation has recently been found to be associated 
with a positive response in depressed mood. In a recent study Cartwright 
et al 46 examining the immediate effect on morning mood of a reduction of 
REM sleep by interruptions to collect reports of ongoing mental activity, and 
the long-term effect of this manipulation when it is repeated over several 
months on mood regulation and remission from major depression shown 
that sixty-four percent of the variance in remission could be accounted for by 
four variables: the initial level of self-reported symptoms, the reported diur¬ 
nal variability in mood, the degree of overnight reduction in depressed mood 
following interruptions of REM sleep and the quality of dream reports from 
these awakenings. 

Recently, we conducted a study examining whether a relationship exists 
between nightmares and terminal insomnia in unipolar depressed patients 
with melancholic features or diurnal mood symptoms. The subjects of the 
study were 82 depressed patients with melancholic features and 75 
depressed patients without melancholic features. Using HDRS item 6, item 
7, item 8, we classified the patients as having initial insomnia, as having 
middle insomnia, and terminal insomnia. We also assessed the patients in 
terms of the presence of frequent nightmares (at least twice a week during 
the depressive episode). The rates of terminal insomnia and nightmares 
were higher both in males and in females with melancholic features than the 
patients without melancholic features. It may be suggested that REM sleep 
deprivation closer to morning have a therapeutic effect on mood regulation 
and improve negative dream affect and content in depressed subjects with 
melancholic features or diurnal mood symptoms. In melancholia, an adap¬ 
tive function may be suggested for spontaneous awaking early in the morn¬ 
ing to prevent mood from the effects of negative dream affect. On the other 
hand, this reflects a within-sleep mood regulation process taking place. 
Nightmares reflect a negative dream affect and terminal insomnia plays a 
role to prevent morning mood although a failure in the completion of this 
process takes place during a depressive episode, in particular with melan¬ 
cholic features. 


4. Neurobiological Basis of Mood Regulation 
in Response to Sleep Deprivation 

A number of neurotransmitter systems and neuroendocrine systems have 
been implicated in the antidepressant effects of sleep deprivation. 
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4.1. Dopamine 

Dopamine involved in the therapeutic effects of SD. Almost for three decades 
it has been known that patients who respond to sleep deprivation treatment 
have lower levels of cerebral spinal fluid (CSF) homovanillic acid, a 
dopamine metabolite, at baseline and higher after SD than non-responders. 47 
More recently, Benedetti et al. 48 showed that antidepressant response is 
blocked by a dopamine reuptake inhibitor, amineptine, via down-regulation 
of postsynaptic dopamine binding. Interestingly, an amelioration of the 
tremor and rigidity in patients with Parkinson’s disease was reported after 
SD. 49 Moreover, increased eye blinks, associated with dopaminergic activity, 
have been found following sleep deprivation in depressed patients, with 
increase in eye blink rate being related to degree of clinical improvement. 50 

4.2. Serotonin 

There is relatively limited data on role of serotonin in the antidepressant 
effects of sleep deprivation. A recent study suggests a better response to sleep 
deprivation regarding a functional polymorphism in the 5-HT promoter 
gene. 51 

4.3. Norepinephrine 

SD responders have been reported to be higher plasma norepinephrine 
metabolites. 52 It seems to be, on the other hand, increase in thyroid hor¬ 
mones, which may itself mediate antidepressant effects of sleep deprivation, 
have also been found in sleep deprivation responders, possibly attributable to 
increased norepinephrine function. 

4.4. Acetylcholine 

Acetylcholine (Ach) is associated with REM sleep. 53 Release of ACh in the cor¬ 
tex is highest during waking and REM sleep, and lowest during delta sleep. It 
appears that REM sleep initiation begins in the ACh neurons located in the 
peribrachial area of pons. This area of the brain initiates the effects of all of 
components of REM sleep including cortical desynchrony, rapid eye move¬ 
ment, and skeletal paralysis. This area controls cortical desynchrony directly 
via pathways that pass through areas of the thalamus, and, indirectly, through 
ACh neurons in the basal forebrain. Rapid eye movement is initiated and main¬ 
tained via ACh pathways that go to the tectum at the back of the brain stem. 

Although there is the limited data on monoamines' possible roles in response 
to sleep deprivation, it is possible to draw conclusions about serotonin interac¬ 
tions of the brain in terms of consequences of SD via discussing the recipro¬ 
cal-interaction model of REM sleep regulation by McCarley and Hobson. 54 
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McCarley and Hobson described a reciprocal interaction between the 
cholinergic REM-on and aminergic REM-off neurons in 1975. According to 
this model, the REM-off neurons in the LC were inhibitory to the REM-on 
neuronal population, while the REM-on neurons exerted an excitatory effect 
on the LC REM-off neurons. It was proposed that the LC-neurons were 
active throughout, except during REM sleep, and their continuous activation 
inhibited the activity of cholinergic REM-on neurons. The LC-neurons cease 
firing and this results in withdrawal of the tonic inhibition from the REM-on 
neurons in REM sleep. Cessation of noradrenergic neuronal activity allows 
an increased number of REM-on neurons to escape from inhibition resulting 
in generation of REM sleep. The activation of REM-on neurons exerts an 
excitatory effect on the LC-neurons resulting in inhibition of REM-on neu¬ 
rons and termination of REM sleep episodes. Thus, it is reasonable to sug¬ 
gest that REM sleep deprivation causes an important increase in serotonergic 
and noradrenergic activity of the brain. This seems to be explanatory for 
mood regulation in response to sleep deprivation in depressed subjects. 


5. Clinical Implications and Future Directions 

Sleep deprivation is a therapeutic manipulation of sleep. Although the onset of 
its effect is rapid, clinical research suggests a high rate of relapse in depression. 
Thus, its therapeutic effects can be maintained for weeks to months with adjunc¬ 
tive treatments. It seems to be combination of sleep deprivation with either a 
medication or some other biological manipulations causes a sustained effect. 
For example, a positive response to SD may be facilitated by heightened activ¬ 
ity or sensitivity of dopaminergic and hypothalamic-pituitary-thyroid systems. 55 
It is inevitable to suggest that not only biological mechanisms but also psycho¬ 
logical approaches involved in therapeutic consequences of sleep deprivation. 
Future research needs to demonstrate and focus on the efficacy of selective 
REM sleep deprivation in mood regulation in healthy and depressive subjects. 
For example, masochistic character of REM sleep dreams in depressive sub¬ 
jects may be related to melancholic features. As a pathognomic feature of 
melancholia, being worse in affective state in the morning or diurnality of mood 
symptoms related to the intervening dream content and its affect. REM sleep 
deprivation closer to morning by dream collection method may have a thera¬ 
peutic effect on mood regulation and improve negative dream affect and content 
in depressed subjects with melancholic features or diurnal mood symptoms. 
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Endocrine Changes in Male Patients 
with Obstructive Sleep Apnea 


Rafael Luboshitzky 


1. Introduction 

7.7. Endocrine Changes During Sleep 

Sleep is a major modulator of endocrine function, particularly of pituitary- 
dependent hormonal release (GH, prolactin and TSH). Some of the 24-h hor¬ 
monal rhythms depend on the circadian clock (melatonin, ACTH and 
cortisol). Growth hormone secretion is stimulated during sleep and, in young 
men; about 70% of daily GH secretion occurs during the first third of the 
night. As a result of the consolidation of the sleep period in humans, the wake- 
sleep transition is associated with physiological changes with the endocrine sys¬ 
tem being part of the adaptive mechanism to reduce physical activity during 
sleep. 1 ’ 2 The timing and consolidation of nocturnal sleep change remarkably 
with aging. Sleep becomes brief and fragmented. Deep sleep is decreased asso¬ 
ciated with specific hormonal alterations. 3 

1.2. Endocrine Changes with Aging 

Aging-associated alterations in body composition include increase in fat 
mass, loss of muscle size and strength, loss of bone and a change in blood 
levels of several hormones. Among these, leptin, DHEA, DHEAS and testos¬ 
terone decline while gonadotropins and sex hormone-binding globulin 
(SHBG) gradually increase in aging males. 4 ' 6 The decline in deep sleep from 
early adulthood to midlife is paralleled by a major decline in GH secretion. 
This suggests that age-related alterations in GH secretion may partially 
reflect decreased sleep quality. 7 

1.3. Endocrine Aspects of Obesity 

Several endocrine abnormalities are reported in obesity. Some of these 
abnormalities are considered as causative factors for the development of obe¬ 
sity, whereas others are considered to be secondary effects of obesity and 
usually are restored after weight loss. GH is low and GH response to stimuli 
is blunted. IGF-I levels are normal or elevated. Cortisol, ACTH, and urine 
free cortisol levels are usually normal. Total testosterone and SHBG levels 
are low, but free testosterone levels are usually normal in obese men. LH and 
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FSH levels usually are normal and estrogens are elevated. 8 Patients who are 
deficient in either testosterone or growth hormone, show a reduction in vis¬ 
ceral adiposity when their hormone levels are normalized. Stress has been 
shown to activate the HPA axis and may cause the hormonal changes associ¬ 
ated with obesity. 9 


1.4. Hormones and Breathing 

The current body of evidence suggests that hormones have an important role 
in the regulation of breathing. Hormones may stimulate breathing at the 
CNS, at peripheral chemoreceptors (progesterone), or indirectly by adjust¬ 
ment for the changes in body temperature, acid-base balance, fat and muscle 
mass. Leptin and CRH have been suggested to act as respiratory stimulants 
while somatostatin and neuropeptide Y have a depressing effect on breathing. 
Hormones may reduce upper airway collapsibility during sleep or may have 
bronchodilatory effects. 10 

The prevalence of sleep-disordered breathing is increased in several 
endocrine diseases such as acromegaly, hypothyoidism, diabetes mellitus, 
Cushing disease and polycystic ovary syndrome. 11 On the other hand sleep- 
disordered breathing such as obstructive sleep apnea (OSA) affects blood 
hormone levels, which may be recuperated with nasal continuous positive air¬ 
way pressure (CPAP) treatment. 10 

Obstructive sleep apnea (OSA) is a common disorder affecting approxi¬ 
mately 4-9% of middle-aged men. The disorder is characterized by repetitive 
collapse of the pharyngeal airway during sleep yielding hypoxia and hyper¬ 
capnia. Apnea-induced hypoxia leads to arousal and termination of the 
obstructive events. 

The repetitive nocturnal hypoxia and sleep fragmentation are associated 
with activation of a number of neural, humoral, thrombotic, metabolic and 
inflammatory disease mechanisms, all of which have also been implicated in 
the pathophysiology of cardiovascular disease. 

Systemic hypertension, pulmonary hypertension or cor pulmonale is com¬ 
mon in severely affected patients. 1213 Obesity is a major risk factor for OSA, 
occurring in up to 50% of obese men. 

About two thirds of middle-aged men with OSA suffer from obesity, 
mainly central type. Increased insulin levels in OSA patients and the associa¬ 
tion of insulin resistance and diabetes mellitus may suggest that sleep apnea 
is a manifestation of the metabolic syndrome. 14 ' 16 We have investigated the 
nocturnal secretion of hormones in OSA patients and tested whether hor¬ 
mone levels are correlated with severity of OSA. 

We determined serum LH, GH, leptin, cortisol and testosterone in middle- 
aged obese men with OSA and in control subjects with similar body weight 
with simultaneous sleep recordings. Also, we determined these variables after 
nine months of CPAP treatment. 
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2. Materials and Methods 

We measured the concentrations of LH, GH, leptin, cortisol and testosterone 
in serum samples from 1900 to 0700 h with simultaneous sleep recordings in 
10 men with obstructive sleep apnea (OSA) and in five control men. All par¬ 
ticipants underwent whole night sleep recording intended for the diagnosis of 
OSA and for habituation to the sleep laboratory. Diagnostic sleep recordings 
included electroencephalography, electromyography, electrooculography, res¬ 
piration and oxygen saturation. Respiration was recorded using nasal and 
oral thermistor and thoracic strain gauge. The oxygen saturation was deter¬ 
mined by a finger oximeter. The diagnosis of OSA was based on a combina¬ 
tion of characteristic symptoms (loud and disturbing snoring, excessive 
daytime sleepiness, morning fatigue) and a finding of respiratory disturbance 
index (RDI) > 10 and a decrease in oxygen saturation of 4%. Hypoxia was 
evaluated by measuring oxygen saturation below 90% (Pa02 < 90%). During 
the experimental night, an IV catheter was inserted into an antecubital vein 
and kept patent with a slow infusion of 0.9% NACL. Blood samples were col¬ 
lected every 20 min from 1900-0700 h. From 2200 to 0700h, lights were off 
and subjects retired to sleep. Sleep quality and architecture was determined 
according to conventional criteria. 17 We determined the following parame¬ 
ters: total recording time, real sleep time [total recording time minus sleep 
latency and minus waking periods], sleep latency [time from lights off until 3 
consecutive min. of sleep stage 2], sleep efficiency [total sleep time/total 
recording time] and REM latency [time to first REM]. In a second set of 
experiments, patients with OSA were fitted with a continuous positive airway 
pressure (CPAP) device (Respironics, Murrysville, PA). A second experimen¬ 
tal night was performed after nine months of CPAP treatment for the deter¬ 
mination of post treatment nocturnal serum hormone levels and sleep 
recordings. 

LH and testosterone levels were determined in serum samples obtained 
every 20 min from 1900-0700 h. Leptin, GH and cortisol were determined 
every 60 min from 1900-0700 h. Serum leptin levels were determined by a 
two-site immunoradiometric assay (Diagnostic System Labs, Webster, Texas, 
USA) with intra-assay coefficients of variation (CV) of 3.7% at 2.9 ng/ml 
and 2.6% at 14.2 ng/ml; the interassay CVs were 6.6%, and 3.7%, respec¬ 
tively. Serum LH and testosterone levels were determined by immunoradio¬ 
metric technique (Biodata Diagnostics, Rome, Italy). The LH intraassay 
CVs were 2.1% at 3.3 IU/L and 3.2% at 41 IU/L; the interassay CVs were 
3.7% and 0.8%, respectively. The testosterone intraassay CVs were 6.0% at 
4.0 nmol/L and 3.0% at 29.4 nmol/L; the interassay CVs were 1.9% and 
1.6%, respectively. Serum GH levels were determined by immunometric 
assay (DPC, Los Angeles, CA). The GH intraassay CVs were 5.3% at 1.7 
ng/ml and 6.2% at 15 ng/ml; the interassay CVs were 5.7% and 5.6%, respec¬ 
tively. Serum cortisol levels were determined by a competitive immunoassay 
(DPC, Los Angeles, CA) with intra-assay CVs of 9.0% at 110 nmol/L and 
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6.8% at 660 ntnol/L; the interassay CVs were 10.3% and 9.9%, respectively. 
Mean and integrated [area under the curve (AUC)] serum leptin, LH, testos¬ 
terone, GH and cortisol levels from 1900-0700 h were determined in all par¬ 
ticipants. Age, BMI and the sleep data of OSA patients and control men 
were compared by Wilcoxon 2 sample tests. The mean and AUC values of 
leptin, LH, testosterone, GH and cortisol were analyzed by Wilcoxon 2 sam¬ 
ple tests to assess the overall difference between the two groups. Spearman 
correlations were used to evaluate the relationship between mean and AUC 
values of each hormone and BMI and the parameters of sleep apnea sever¬ 
ity (RDI and Pa02 < 90%). Also, age, BMI and sleep data of the control 
group and the five patients with OSA at base line and after nCPAP treat¬ 
ment were compared by Wilcoxon 2 sample tests. Paired t tests were used to 
compare the OSA group at base line and during nCPAP treatment. Mean 
and AUC hormone values were analyzed by Wilcoxon 2 sample tests to 
assess the overall difference between the control and OSA and control and 
during nCPAP groups. Values were considered to be significantly different 
when p was less than or equal to 0.05. 


3. Results 

Patients with OSA had significantly higher RDI, Pa02 < 90% and BMI val¬ 
ues compared with the control groups (Table 1). Sleep quality and architec¬ 
ture is shown in Table 2. 


Table 1. Clinical characteristics of sleep apneic and control men studied (Values are 
given as Mean ± SD). 


Parameter 

OSA 

Controls 

P value 

Age (years) 

46.1 ±7.3 

42.0 ± 13.3 

NS 

BMI(Kg/m 2 ) 

30.6 ± 4.9 

26.3 ± 2.4 

0.1 

RDI (events/hour) 

52.6 ± 17.4 

7.0 ± 0.8 

0.01 

Apnea (no.) 

252 ± 202 

1.7 ± 1.7 

0.006 

Hypopnea (no.) 

120 ± 120 

38 ±30 

0.006 

Sa0 2 < 90% (% time) 

6.2 ±8.1 

0.14 ±0.25 

0.05 


Table 2. Characteristics of sleep quality in OSA and control subjects (Values are 
given as mean ± SD). 

Parameter 

OSA 

Controls 

P value 

Sleep duration (h; min) 

6:19 ± 1:06 

5:37 ± 1:15 

NS 

Sleep efficiency (%) 

75.3 ± 9.2 

67.4 ± 11.9 

NS 

REM latency (h; min) 

2:42 ± 1:01 

2:19 ±0:49 

NS 

Stage 1 (%) 

2.4 ± 1.3 

3.5 ± 2.6 

NS 

Stage 2 (%) 

57.7 ± 9.8 

43.7 ± 9.5 

0.02 

Stage 3/4 (%) 

5.8 ±7.2 

11.0 ±5.7 

0.05 

Stage REM (%) 

12.7 ±3.8 

13.3 ± 6.4 

NS 

First REM (clock hour) 

22:55 ± 0:56 

22:55 ± 0:56 

NS 
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Sleep efficiency in OSA patients and controls was about 70%, suggesting 
that the sampling procedure from the same room equally influenced the 
two groups. The OSA group spent a larger percent of their sleep in stage 2 
(p < 0.02) and had a smaller percent of time in deep sleep stage 3/4(p < 0.05). 
All participants had REM sleep episodes. The nocturnal hormones secretory 
patterns at baseline are shown in figure 1A. 

3.1. LH-Testosterone 

The control group had significantly higher means and integrated (area under 
the curve, AUC) values of both LH and testosterone compared with OSA 
patients. In 4 of the 10 patients, the morning (0700 h) testosterone levels were 
below the lower adult male limit of 10.0 nmol/L. 

After adjustment for BMI, there was a borderline statistically significantly 
difference in the 2 groups in mean LH and testosterone levels [LH-OSA, 2.2 ± 
0.27 IU/L; control, 3.2 ± 0.4 (P < 0.076); testosterone-OSA, 9.4 ± 1.1 nmol/L; 
control, 13.7 ± 1.6 (P < 0.05)] and a significant difference in AUC [LH-OSA, 
13.3 ± 6.3 IU/Lx h; control, 41.3 ± 10.0 (P < 0.008); testosterone-OSA, 67.2 ± 
11.6 nmol/Lx h; control, 113.3 ± 26.8 (P < 0.003)]. 

There was a statistically significant negative correlation between LH-AUC 
and RDI (r < 0.58; P < 0.03) and between testosterone AUC and RDI 
(r = 0.71; P < 0.0006), but not with Pa02 < 90% (LH AUC: r = 0.28; P = 0.34; 
testosterone AUC: r = 0.51; P = 0.07). 

3.2. Leptin 

OSA patients had significantly higher mean and AUC leptin values 
(20.7 ±11.2 ng/ml; 269.6 ± 145.6 ng/ml x h, respectively) compared with con- 
trols (10.4 ± 1.5 ng/ml; 135.2 ± 19.6 ng/ml xh, respectively). 

Morning (07:00 h) leptin values were significantly higher in OSA compared 
with control men (21.6 ± 9.4 ng/ml vs. 9.2 ± 1.4 ng/ml, respectively; p<0.02). 
Mean and AUC leptin values positively correlated with BMI (p<0.006) but not 
with severity of OSA (RDI and Pa02 < 90%). 

3.3. Growth Hormone 

The nocturnal GH curve showed a significant major secretory burst at 24:00 in 
controls and a lesser peak at midnight in OSA patients (p < 0.0006). The con¬ 
trol group had statistically significantly higher mean and AUC values compared 
with OSA patients (p < 0.004). A statistically significant difference between the 
two groups in GH levels was observed between 23:00-02:00h (p < 0.006). Mean 
GH levels and AUC were negatively correlated with RDI, Pa 02 < 90%, sleep 
efficiency and sleep stage 2. 
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Figure 1. Effect of sleep apnea (A), on nocturnal LH, testosterone, GH, leptin and 
cortisol secretion. An arrow indicates the first REM sleep episode. The effect of 
nCPAP treatment on hormones secretion is shown in panel B. 
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3.4. Cortisol 

Mean cortisol level, AUC, onset time or onset levels were similar in OSA and 
control groups. Analysis of the cortisol 13-hour time series data revealed that 
there was a statistically significant time effect (p< .0001) and a time by group 
interaction (p< 0.001). Analysis of each hour (Wilcoxon 2 sample test) 
revealed statistically significant difference in cortisol between 20:00 and 23:00 
(p< .003) suggesting a delayed onset during sleep in OSA patients. 

Cortisol onset time and onset level were negatively correlated with sleep 
efficiency, sleep stage 3 and positively correlated with percent awake. Cortisol 
values did not correlate with RDI or Pa02 < 90%. 

3.5. Correlations Between Hormones 

Mean leptin negatively correlated with LH(r = -0.58, p < 0.02) and testos¬ 
terone (r = -0.47, p < 0.04). After controlling for BMI, mean leptin negatively 
correlated with mean testosterone (r = -0.52, p< 0.05) but not with mean 
LH. Mean and AUC GH values were positively correlated with mean and 
AUC testosterone values. A significant positive correlation was observed at 
lag time -4 h with GH leading testosterone by approximately 4 hours. GH 
was not correlated with LH. Cortisol onset level tended to be positively cor¬ 
related with mean GH (r = .48, p < .07). Testosterone onset time tended to 
be negatively correlated with cortisol AUC (r = -.50, p < .06) and positively 
correlated with cortisol onset time (r = .70, p < .004). 

3.6. CPAP Treatment 

During nCPAP treatment parameters of OSA severity (RDI and Pa02 < 90%) 
returned to normal (table 3). Patients with OSA had similar BMI values com¬ 
pared with pretreatment values. They had significantly less sleep stage 2 and 


Table 3. Sleep parameters at base line and during nCPAP treatment (Values are given 
as mean ± SD). 


Parameter 

OSA 

Controls 

CPAP 

Age (years) 

51.0 ±5.5 

42.8 ± 11.8 

51.0 ±6.5 

BMI (Kg/m 2 ) a 

31.2 ±4.3 

26.3 ± 2.4 

31.4 ±4.2 

RDI (events/hour) 

55.0 ± 22.5 

6.8 ±0.8 

3.2 ± 1.9 

Sa02 < 90% (% time) 5 

10.8 ±0.6 

0.16 ±0.25 

0.6 ± 0.6 

Sleep time 

6:26 ± 0: 58 

5:37 ± 1: 15 

6:29 ± 0: 45 

Stage 1 (%) 

76.5 ± 8.5 

67.4 ± 11.9 

76.1 ±6.0 

Stage 2 (%) 

2.52 ± 1.43 

3.46 ± 2.6 

1.28 ±0.96 

Stage 3/4 (%) 

57.0 ± 10.3 

43.70 ± 9.5 

35.76 ± 6.8 

% REM C 

15.88 ±6.8 

12.70 ±3.8 

21.51 ± 5.2 


a p < 0.009 (OSA vs. CPAP); b p < 0.01 (controls vs. OSA), p < 0.0001 (OSA vs. CPAP); c p < 0.01 
(CPAP vs. controls). 
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more deep sleep stage 3/4 and REM sleep (table 3). The nocturnal hormones 
secretory patterns during CPAP treatment are shown in figure IB. 

Mean testosterone levels during nCPAP treatment were significantly 
higher than pre-treatment values (p < 0.05) with no change in LH concen¬ 
trations. However, testosterone levels were still lower than levels observed in 
controls. 

Mean leptin and AUC-leptin values in OSA patients both pre- and post- 
CPAP treatments were statistically significantly higher than in controls 
(p < 0.02). It is clear that CPAP treatment was not associated with any change 
in leptin levels 

Mean and AUC leptin values during nCPAP treatment did not correlated 
with RDI or with Pa02 < 90%. 

Mean and AUC GH values were higher than pretreatment values (p < 0.04) 
and the peak nocturnal GH level was observed at 24:00h.When compared with 
controls, treated patients had lower mean and AUC GH values between 23:00 
and 02:00h (p < 0.02). During CPAP treatment mean and AUC GH values 
were negatively correlated with Pa02 < 90%. During CPAP treatment mean 
cortisol, AUC, onset time and onset level did not change compared with pre¬ 
treatment values. There was a significant difference in cortisol levels between 
basal and during CPAP treatment at 03:00-04:00h (p<0.04). Cortisol onset 
during CPAP treatment was still significantly delayed when compared with 
control values (p <0.02) 


4. Discussion 

In this study we evaluated the nocturnal secretion of LH, testosterone, GH, 
leptin and cortisol secretion in middle-aged obese men with obstructive sleep 
apnea. Hormone measurements were conducted at base line and following 
nine months of nCPAP treatment. Patients spent a larger percent of their 
sleep in stage 2, had a smaller percent of time in deep sleep but demonstrated 
well-defined REM sleep episodes. 

OSA patients maintained a normally oriented diurnal rhythm of testos¬ 
terone but had a significantly suppressed testosterone rise. Morning tes¬ 
tosterone levels were in the hypogonadal range in 4 of the 10 patients (40%). 
The amounts of LH and testosterone secreted at night were significantly lower 
in OSA compared with controls independent of age and degree of obesity. 
Patients had also suppressed GH secretion at night. LH, testosterone and GH 
negatively correlated with RDI and Pa 02 <90%. Patients had increased lep¬ 
tin levels, which were positively correlated with BMI but not with severity of 
OSA. Although patients and controls had similar amounts of cortisol secreted 
during sleep, the nocturnal cortisol rise was delayed in OSA. Cortisol onset 
time and onset level were negatively correlated with deep sleep. After nine 
months of nCPAP treatment parameters of OSA severity were normalized, 
BMI, leptin and LH values remained unchanged whereas testosterone and 
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GH concentrations increased, yet to subnormal values. Cortisol onset during 
nCPAP treatment was partially corrected during nCPAP treatment. 

Several factors may be responsible for the decreased LH-testosterone secre¬ 
tion observed in OSA including: hypoxia, sleep fragmentation, obesity and 
advanced age. Previous studies have demonstrated decreased fasting serum 
testosterone levels with LH levels not different from values in aged-matched 
controls. 1819 Total and free testosterone levels were reduced in obese OSA 
men compared with age and body weight matched controls. A negative cor¬ 
relation was demonstrated between severity of sleep apnea and testosterone 
levels which persisted after adjusting for BMI and waist values. 20 These data 
have suggested that severity of sleep apnea is the major factor responsible for 
the decrease in testosterone secretion in OSA. 19 This hypothesis was exam¬ 
ined in few studies by treating OSA patients with CPAP and revealed no con¬ 
clusive findings. Oxygen treatment given to OSA patients for eight months 
was not associated with a change in testosterone or gonadotropin levels. 21 , 
while CPAP therapy for three months was associated with a significant 
increase in testosterone but no change in free testosterone and LH levels. 
A concomitant decrease in body weight was also observed during CPAP ther¬ 
apy. 19 Similar findings were seen during uvolopalatopharyngoplasty therapy 
for OSA. 18 Others have found that decreased serum LH levels did not nor¬ 
malize during CPAP therapy. 2122 These data and the present study suggest 
that correction of hypoxia and sleep fragmentation during CPAP therapy is 
not associated with complete recovery of the pituitary-gonadal axis function 
in OSA. Our finding that obesity is a major contributing factor to the 
reduced pituitary-gonadal function in OSA patients is further supported by 
previous observations that the increase in testosterone levels three months 
after uvolopalatopharyngoplasty therapy for OSA was associated with a sig¬ 
nificant weight reduction. 18 

Several studies have shown increased blood leptin levels in patients with 
OSA, which were correlated with severity of disease. 15 ’ 23 In all of these stud¬ 
ies, hyperleptinemia was established based on one blood sample obtained in 
the morning or 3 hours after the last meal. 24 Patel et al. 25 measured evening 
and morning leptin levels in OSA and found that an increased ratio of 
evening to morning levels was independently associated with both an 
increased amount of total body fat and an increased RDI. The authors have 
suggested that sleep apnea suppress secretion of leptin in the morning or that 
the relative elevation in evening leptin may influence apnea pathogenesis. 
CPAP treatments for 3 days were associated with a significant reduction in 
morning hyperleptinemia. While others have demonstrated that leptin levels 
did not change from baseline levels after 2 days of CPAP treatment. 27 We did 
not find any change in serum leptin concentrations after nine months of 
nCPAP treatment. These findings are in contrast with Ip et al. 28 who demon¬ 
strated that treatment with CPAP for six months normalized fasting hyper¬ 
leptinemia without a change in BMI or skin fold thickness. The discrepancy 
between this study and our observations may be explained by differences in 
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timing and frequency of blood sampling, inclusion of male and female 
patients, severity of sleep apnea, degree of obesity and absolute leptin levels, 
as our patients had higher RDI, BMI and absolute leptin levels than patients 
studied by Ip et al. 28 

Since hyperleptinemia in OSA patients is primarily related to obesity, it is 
possible that at a certain degree of obesity in OSA patients, a much longer 
treatment period with CPAP is necessary to induce an effect on circulating 
leptin levels. On the other hand, it is also likely that the metabolic and hor¬ 
monal changes observed in these patients already started at a very early stage 
after sleep apnea onset. By the time patients are diagnosed with the syn¬ 
drome, usually at the age of 47-50 years when symptoms become apparent, 
the metabolic changes may be irreversible. 29 

OSA patients show a more marked impairment of the maximal secretory 
capacity of somatotroph cells together with reduced IGF-I sensitivity to 
rhGH stimulation. 30 In children with OSA, reduced morning IGF-I concen¬ 
trations were observed with a significant increase in IGF-I and IGF-BP3 fol¬ 
lowing adenotonsillectomy. 31 In adults, CPAP treatment resulted in a 
significant increase in nocturnal GH secretion. 19 Studied in obese OSA 
patients at baseline and after one night of CPAP treatment revealed that 
patients spent more time in light sleep at base line and more time in both 
SWS and REM sleep during CPAP treatment. GH levels were suppressed on 
the non-treatment night. With CPAP treatment, the normally observed peak 
in GH levels after 2-3 hours of sleep was restored. 32 In agreement with these 
observations, we have demonstrated that chronic nCPAP treatment partially 
restored GH secretion during sleep. 

Cortisol secretion in OSA was investigated in only few studies. In one study 
nocturnal Cortisol secretion was normal in OSA and did not change after 
one night of CPAP treatment. 32 Others had demonstrated that OSA is asso¬ 
ciated with elevated serum Cortisol levels which were not altered after seven 
months of CPAP therapy. 22 CPAP withdrawal in OSA patients was associ¬ 
ated with an immediate recurrence of sleep apnea with increase in apnea 
index, arousal index and oxygen desaturation but no change in levels of 
Cortisol or ACTH. 33 These data are in agreement with our findings of nor¬ 
mal mean and AUC Cortisol values secreted at night in OSA at base line with 
no change after chronic CPAP therapy. We also found that OSA patients had 
a delayed onset during sleep. These observations in OSA patients are compa¬ 
rable to data observed in lean young men showing that the circadian Cortisol 
rhythm is little affected by changes in sleep schedule or sleep deprivation. 34 
Also, human obesity is not characterized by dysregulation of the hypothala- 
mic-pituitary-adrenal axis and Cortisol production rate was not associated 
with leptin levels in obese men. 35 

Our results are in agreement with the hypothesis that OSA may represent 
a leptin resistant state. 15 36 but point at obesity as the major determinant of 
hyperleptinemia in OSA patients. The observation that nCPAP treatment 
changed testosterone, GH and cortisol concentrations but not leptin levels 
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may suggest that gonadotrophs, corticotrophs and somatotrophs are more 
sensitive to the insulting effects of hypoxia and sleep fragmentation than 
adipocytes. It may also imply that leptin resistance in OSA may be due to 
decreased cerebrospinal transport of leptin. 

We conclude that obese middle-aged men with OSA have hyperleptinemia, 
decreased androgen and GH secretion, normal cortisol secretion and leptin 
resistance. These changes in hormones secretion are partially corrected dur¬ 
ing chronic CPAP treatment. Our findings support the hypothesis that 
obstructive sleep apnea is a manifestation of the metabolic syndrome, syn¬ 
drome X, promoting atherosclerosis and cardiovascular disease in patients 
with OSA. 
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Sleep-Disordered Breathing 
and Hormones 


Tarja Saaresranta and Olli Polo 


1. Introduction 

Falling asleep removes postural muscle tone, voluntary respiratory control and 
the wakefulness stimulus for breathing. These changes predispose to respiratory 
abnormalities during sleep, including periodic breathing, repetitive episodes of 
obstructive, mixed or central apnea or hypopnea, or prolonged episodes of par¬ 
tial upper airway obstruction with increased respiratory resistance. In short 
term, the performance of the respiratory muscles is readily controlled through 
neural mechanisms, which continuously monitor the metabolic needs of the 
body by reading the output of chemoreceptors and adjusting alveolar ventila¬ 
tion accordingly. Acute failure of the respiratory control during sleep rapidly 
results in arousal and activation of the sympathetic division of the autonomic 
nervous system with increased catecholamine secretion. 

The most important role of hormones in control of breathing is in deter¬ 
mining the level of metabolism, oxygen consumption, carbon dioxide pro¬ 
duction and the cellular acid-base balance. These factors set the overall 
ventilatory needs and are therefore carefully monitored by chemoreceptors. 
The manifestation of the upper airway obstruction during sleep is critically 
linked with the underlying level of metabolism setting the drive for breathing. 

Both low respiratory drive (typical for postmenopausal women with low 
progesterone) or high drive (eg. acromegalics with high insulin-like growth 
factor-I) predispose to episodes of upper airway obstruction during sleep. 
Sleep apnoea seems to be an epidemic, which spreads rapidly with obesity, 
another major health problem in Western societies. In the U.S., 24% of male 
and 9% of female government workers present with 5 or more episodes of 
sleep apnoea or hypopnoea per hour. 1 

Daytime symptoms of sleep apnoea appear in 4% of men and 2% of 
women. 1 Similar prevalence rates of symptomatic sleep apnoea in adults 
from 20 to 100 years of age are reported in a community-based study: 3.9% 
in men and 1.2% in women. 2 A number of hormones interact with sleep 3 and 
breathing. 4 Sleep-disordered breathing (SDB) affects hormones via a number 
of mechanisms. 

On the other hand, hormones and endocrine states induce, aggravate or 
alleviate SDB. Finally, nasal continuous positive airway pressure (CPAP) 
therapy influences hormone secretion. 
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SDB and sleep disturbances may interact with hormones in several ways. 
Episodes of apnoea or hypopnoea cause sleep fragmentation and disturb sleep 
cycles and stages. Arousals may induce a stress response resulting in increased 
levels of stress hormones. 5 Hypoxia may also have direct effects on central neu¬ 
rotransmitters, 6 which result in alterations in the hypothalamo-pituitary axis 
and in stimulation of peripheral endocrine glands. 7 Hypercapnia alone or com¬ 
bined with hypoxia may increase levels of renin, adrenocorticotrophic hor¬ 
mone (ACTH), corticosteroids, aldosterone, and vasopressin. 89 Finally, 
disorganization of sleep, sleep loss and naps disturb sleep-controlled endocrine 
rhythms resulting in endocrine and metabolic abnormalities. 

The direct and indirect effects of hormones and endocrine disorders on 
sleep and breathing are mediated via several pathways. The male gender and 
the postmenopausal state are risk factors 1011 that link the sex-hormones to 
the pathophysiology of SDB. Sleep apnoea is common in acromegaly, 1217 
hypothyroidism 18 ' 21 or Cushing’s syndrome (Table l). 2223 Recent studies sug¬ 
gest that SDB may not only complete the clinical picture but play a central 
role in the pathophysiology of obesity, 24 leptin resistance 25 27 and the meta¬ 
bolic syndrome. 24 ’ 28 29 The prevalence estimates of sleep apnoea among vari¬ 
ous endocrine states and disorders are shown in Table 1. Unfortunately, due 
to the lack of well-documented epidemiological studies most prevalence esti¬ 
mates are based on small study populations. Prevalence estimates are also 
limited because of different definitions of SDB. 

Much of our current knowledge on the interactions between hormones 
and obstructive sleep apnoea syndrome (OSAS) is based on intervention 
studies with nasal CPAP. Nasal CPAP is the most efficient method for main¬ 
taining upper airway patency during sleep. Its efficacy in controlling sleep 
apnoea and hypopnoea starts from the very first night of therapy. 30 Changes 
in the levels of several hormones (Table 2) have been interpreted to be related 
to SDB or associated sleep disturbance, if they consistently respond to on-off 
nasal CPAP interventions. Hormonal changes are potential mediators to link 
SDB with various comorbidities. Many studies investigating the effects of 
SDB or nasal CPAP therapy on hormone levels have only assessed single 
morning levels of hormones, and therefore the effects on the 24-h secretory 
profile are poorly known. 


2. Glucose and Energy Metabolism 

2.1. Insulin Resistance and Diabetes Mellitus 

Insulin release is a complex oscillatory process with rapid pulses (10 min) 
superimposed on slower fluctuations (50 -100 min). 31 Sleep stimulates insulin 
secretion by increasing the oscillation amplitude, which may be partly mediated 
by growth hormone (GH). 3132 In rats, the intracerebroventricular administra¬ 
tion of insulin results in a 25% increase of slow wave sleep (SWS). 33 In humans, 
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Table 1. Prevalence of sleep-disordered breathing in some endocrine disorders 
and states.* = The prevalence in women is without hormone replacement therapy. 
AN = autonomic neuropathy. 


Endocrine 

disorder 

Prevalence of sleep 
apnoea 

Authors 

Sample size 

Diabetes, type 1 

31% 

Rees et al. 1981 268 

16 


42% 

Mondini et al. 1985 38 

12 

Diabetes, type 2 

1.9% (vs. 0.3% in 

Katsumata et al. 1991 41 

579 


non-diabetics) 

Elmasry et al. 2001 43 

25 


36% (vs. 14.5% in 
non-diabetics) 

30.1% (vs. 13.9% of 
non-apnoeic snorers) 

Meslier et al. 2003 45 

494 

Diabetes with 

37% (vs. 0% in those 

Rees et al. 1981 268 

8 and 8 without AN) 

autonomic 

without AN) 

Catterall et al. 1984 39 

8 and 8 without AN) 

neuropathy 

0% (vs. 6% in those 
without AN) 

26% (vs. 0% in those 
without AN) 

Ficker et al. 1998 44 

23 and 25 without 

AN) 

Hypothyroidism 

82% 

Rajagopal et al. 1984 18 

11 


100% 

Grunstein & Sullivan 

10 


25% 

1988 19 

20 


7.7% (vs. 1.9% in 
controls) 

Lin et al. 1992 20 

Pelttari et al. 1994 21 

26 

Acromegaly 

40% with active, 0% 
with inactive disease 

Hart et al. 1985 12 

10 with active, 11 
with inactive 
disease 


45% 

Pekkarinen et al. 1987 13 

11 


81% 

Grunstein et al. 1991 14 

53 


91% 

Pelttari et al. 1995 15 

11 


39% 

Rosenow et al. 1996 16 

54 


75% 

Weiss et al. 2000 17 

55 

Cushing disease/ 
syndrome 

45% 

Shipley et al. 1992 22 23 

22 

Polycystic ovary 

17% 

Vgontzas et al. 2001 37 

53 

syndrome 

44% 

Fogel et al. 2001 223 

18 

Postmenopause 

2 . 1 %* (vs. 0.6% in 
premenopausal 
women) 

Bixler et al. 2001 2 

314 


no systematic relationship appears to exist between insulin secretion rate oscil¬ 
lations and NREM or REM sleep. 31 Sleep fragmentation resulting in sleep dep¬ 
rivation is likely to have an impact on the hormones, which regulate glucose 
tolerance. 

Partial sleep restriction with 4 hours sleep per night for 6 days resulted in 
increased cortisol levels and impaired glucose tolerance even in healthy 
nonobese young men. 34 These metabolic and endocrine alterations were 
recouperated during recovery sleep. There is an accumulating body of evidence 
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Table 2. Various hormones in obstructive sleep apnoea syndrome and the effect of nasal 
CPAP therapy on hormones. T = increased, i = decreased, = no change, ANP = atrial 
natriuretic peptide, IGF-I = insulin-like growth factor-I, LH = luteinizing hormone, TSH 
= thyroid stimulating hormone (thyrotrophin), _ 

Effect of nasal 


Hormone 

OSAS 

CPAP 

Authors 

Growth hormone 

i 

t 

Grunstein et al. 1989, 124 Saini et al. 1993, 67 
Cooper et al. 1995 68 

IGF-I 


t 

Grunstein et al. 1989 124 

TSH 

i or <-> 

i 

Bratel et al. 1999, 79 Meston et al. 2003 160 

Free T4 

i 

<-» 

Meston et al. 2003 160 

Leptin 

r 

i 

Saarelainen et al. 1997, 25 Chin et al. 1999, 26 
Ip et al. 2000 27 

Noradrenaline 

T or <-> 

i or <-» 

Grunstein et al. 1996, 269 Cooper et al. 

1995, 68 Bratel et al. 1999 79 

Cortisol 

t 

<-> 

Grunstein et al. 1989 125 &1996> 269 
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that SDB is linked with insulin resistance and metabolic syndrome independ¬ 
ently of body mass index (BMI) and other known risk factors (Figure 
1 ) 24 , 28 , 29,35 Oxyhaemoglobin desaturation index (drops of oxygen saturation 
of 4% or more per hour, ODI 4 ) is a better predictor of insulin resistance than 
BMI. 36) In women with polycystic ovary syndrome, insulin resistance is a 
stronger risk factor for sleep apnoea than BMI or serum testosterone levels. 37 

The prevalence of SDB in type 1 diabetes remains to be confirmed. Some 
authors have reported a prevalence rate of sleep apnoea as high as 42%, 38 
whereas others have not observed a difference from the general population. 39 
Small sample sizes and different diagnostic criteria for sleep apnoea may 
explain some of the discrepancies. Diabetic children n = 25) have more 
episodes of apnoea during sleep and the duration of apnoeic events is longer 
than in healthy controls. 40 Furthermore, the degree of severity of sleep 
apnoea correlates with the glucose control and the duration of diabetes. 
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Figure 1. Index of insulin sensitivity calculated with a homeostasis model assess¬ 
ment (HOMA = GqxIq/ 22.5, where G 0 and I 0 represent fasting serum glucose and 
insulin, respectively) in different apnoea-hypopnoea index (AHI) categories (total 
n = 150 men). P-value is significant for trend across AHI categories (p < 0.05). 
Subjects with increasing AHI are increasingly resistant to insulin. Based on data by 
Punjabi et al. (2002) 29 


Among nearly 13 000 japanese hospital inpatients, the prevalence of sleep 
apnoea was 0.3%. 41 In the same study, in a subgroup of nearly 600 male type 2 
diabetics, the prevalence of sleep apnoea was higher than in nondiabetics (1.9% 
vs. 0.3%). In a Swedish 10-year follow-up study, snoring was a risk factor for 
diabetes independently of other risk factors. 42 Among hypertensive diabetics, 
the prevalence of sleep apnoea, defined as apnoea-hypopnoea index (AHI) > 
20 , was 36% compared to 14.5% in nondiabetics. 43 Autonomic diabetic neu¬ 
ropathy may be a associated with sleep apnoea. Among 23 diabetics with auto¬ 
nomic neuropathy (one had type 1 diabetes, the others type 2 diabetes), six had 
sleep apnoea whereas none of the diabetics without autonomic neuropathy 
were affected. 44 

In male patients with OS AS n = 494), type 2 diabetes was present in 30.1% 
and in non-apneic snorers (n = 101) in 13.9%. 45 Impaired glucose tolerance was 
observed in 20.0% of OSAS patients and 13.9% of nonapnoeic snorers. Fasting 
and postload blood glucose increased and insulin sensitivity decreased with 
increasing severity of OSAS defined by AHI. 45 


2.1.1. Effect of Nasal CPAP 

Investigations addressing the question of whether OSAS itself is an inde¬ 
pendent risk factor of insulin resistance in OSAS have led to conflicting 
results. 25 ’ 28 ’ 29 ’ 4647 Among morbidly obese (average BMI 42.7 kg/m 2 ) patients 
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with sleep apnoea and type 2 diabetes, nasal CPAP treatment for four months 
improved insulin responsiveness. 46 The study population was highly selected, 
and therefore these results cannot be extrapolated to all type 2 diabetics. Two 
other studies found no effect of a 2-month or a 3-month nasal CPAP therapy 
on glucose and insulin metabolism. 25 ’ 47 Because the duration of nasal CPAP 
therapy was for only two months, it cannot be excluded that a longer treat¬ 
ment period would improve glucose tolerance. Also the lack of statistical 
power due to the small number of patients could affect the results. A recent 
study in patients with moderate to severe OSAS (n = 40) demonstrated that 
insulin resistance measured by hyperinsulinemic euglycemic clamp improved 
within two days of effective CPAP use and remained stable after three 
months of treatment. 48 The improvement in insulin sensitivity was greater in 
patients with BMI less than 30 kg/m 2 than in more obese patients. The 
improved insulin sensitivity may reflect a decreasing sympathetic activity, 
indicating that OSAS is an independent risk factor for increased insulin 
resistance. 

2.2. Leptin 

Sleep influences the nocturnal leptin profile. The diurnal amplitude of leptin 
is reduced during total sleep deprivation and returns toward normal during 
recovery sleep. 49 Besides its best known function as a satiety hormone, leptin 
is also a powerful respiratory stimulant. 50 Leptin receptors are abundant in 
the nucleus of the solitary tract and other centres in the medulla involved in 
the respiratory responses to C0 2 and pH. 5152 It is possible that leptin may act 
directly through leptin receptors on respiratory neurons in the medulla, in 
addition to acting through hypothalamic pathways. A recent study suggests 
that leptin acts through melanocortin 4 pathways to stimulate the respiratory 
responses to hypercapnia in an analogous manner to the hypothalamic con¬ 
trol of appetite. 53 There is emerging evidence that the melanocortin pathway 
is linked both to obesity 54 55 and OSAS. 56 

Plasma leptin levels are higher in patients with sleep apnoea than in con¬ 
trols matched for BMI. 57 Further, hypercapnic patients with OSAS have 
higher leptin levels than eucapnic BMI-matched controls with sleep apnoea. 58 
Fasting leptin levels correlate positively with the degree of sleep-disordered 
breathing as defined by AHI or the percentage of sleep time spent with an 
oxygen saturation below 90% 59 ’ 60 but are not dependent on AHI. 59 Leptin 
secretion could provide an adaptive mechanism to enhance ventilation in 
patients with severe respiratory impairment. 

On the other hand, high circulating leptin levels suggest leptin resistance at 
the level of the central nervous system. Elevated leptin levels are likely to con¬ 
tribute to comorbidity of OSAS because high leptin levels are associated with 
coronary heart disease, 61 insulin resistance, 62 impaired fibrinolysis, 63 develop¬ 
ment of obesity, 64 or type 2 diabetes, 65 which are all highly prevalent in 
patients with OSAS. 
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2.2.1. Effect of Nasal CPAP 

Serum leptin levels decrease with nasal CPAP therapy (Figure 2) 25 * 27 without 
weight loss. 26 ’ 27 A decrease in leptin levels is found already after the first night 
on nasal CPAP. 66 Nasal CPAP does not affect the secretory profile of leptin. 
A nocturnal increase in serum leptin levels is observed both on and off nasal 
CPAP. 66 The CPAP-induced reduction in leptin level is likely due to both 
improved sleep and breathing. Nasal CPAP therapy increases SWS and 
increases growth hormone (GH) secretion, 67 * 69 which in turn inhibits leptin 
secretion. 70 ’ 71 

While normalizing nocturnal breathing, hypoxic and hypercapnic stimuli 
may not any longer increase leptin secretion. 58 ’ 72 * 75 These findings suggest 
that nasal CPAP therapy either reduces the leptin resistance in obese patients 
or as ventilation improves less leptin is needed to stimulate breathing. It is 
also possible that nasal CPAP therapy normalizes sleep structure and growth 
hormone secretion thereby normalizing leptin. 

The magnitude of the decrease in leptin levels with CPAP therapy corre¬ 
lates with cardiac sympathetic function measured before CPAP treatment 
by iodine-123-meta-iodobenzylguanidine imaging. 66 By reducing leptin 
levels, nasal CPAP therapy is likely to decrease the comorbidity related to 
OSAS. 



Figure 2. Serum leptin levels in 30 patients with OSAS and in 30 matched controls. 
A) Comparison with controls. B) Effect of a 6-month nasal CPAP treatment. From Ip 
et al. (2000), 27 with permission. 
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3. Catecholamines 

Sleep onset is associated with a decrease of circulating concentrations of 
noradrenaline and adrenaline, with a nocturnal nadir occurring about one 
hour after sleep onset. 76 In contrast, 24-hour, daytime and nocturnal urinary 
noradrenaline levels as well as both daytime 77 and nocturnal 78,79 plasma nora¬ 
drenaline concentrations are increased or within normal limits in patients 
with OSAS. When awake, no correlation between the severity of OSAS and 
plasma noradrenaline concentrations has been found, 77 whereas nocturnal 
noradrenaline levels correlate with OSAS severity and oxygen saturation. 78,79 
Noradrenaline has been identified in the carotid bodies, suggesting that it is 
involved in the control of breathing. 80 

In blood and urine, high levels of catecholamines and their metabolites 
reflect increased sympathetic activity. Muscle sympathetic nerve activity is 
greater in obese than in normal-weight subjects, 81 and greater in sleep apnoeics 
than in age and BMI matched controls. 82,83 Hypoxia and hypercapnia induce 
sympathetic nervous system overactivity. 84 The sympathetic responses to 
hypoxia and hypercapnia are further potentiated during apnoea, when the 
inhibitory influence of the thoracic afferent nerves is eliminated. 81,83 Sleep frag¬ 
mentation leading to chronic partial sleep loss is also likely to contribute to the 
increased sympathoadrenal activity and increased circulating catecholamine 
levels encountered in OSAS. This assumption is supported by observations in 
healthy male volunteers. 76 One night of partial sleep deprivation resulted in 
increases in circulating noradrenaline and adrenaline levels. 76 Most studies 
report a positive relationship between episodes of obstructive apnoea and 
noradrenaline levels, whereas a minority of studies have found a relationship 
between adrenaline and episodes of obstructive apnoea. 85,86 

3.1 . Effect of Nasal CPAP 

In most studies, nasal CPAP treatment decreases plasma or urinary noradren¬ 
aline levels, whereas adrenaline levels in most cases remain unchanged. 79,87,88 In 
contrast, in noninsulin-dependent diabetics with OSAS, neither fasting adren¬ 
aline nor noradrenaline levels changed on CPAP. 46 


4. Thyrotrophic Axis Hormones 

4.1. Thyrotrophic Axis Hormones, Sleep and Breathing 

Neuroanatomical findings support interactions between the thryrotropic axis 
hormones and sleep. Thyrotropin-releasing hormone (TRH) neurons are 
located in the wake-promoting histaminergic neurons in the posterior hypo¬ 
thalamus. However, histamine HI-receptors are also found in the paraven¬ 
tricular nucleus, anatomically enabling interactions with TRH within the 
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paraventricular nucleus. 89 Pro-TRH-synthesizing neurons are located in the 
ventrolateral periaqueductal grey, 90 a brain area linked with regulation of 
vigilance. 91 These observations suggest that TRH may have a role in the cen¬ 
tral control of sleep and vigilance. 

Sleep has an inhibitory effect on TSH release, TSH levels decrease from 
sleep onset to morning awakening. 92 ’ 93 Under total sleep deprivation condi¬ 
tion, TSH levels increase. 94 SWS is associated with TSH declining phases, 
whereas awakenings are strongly associated with ascending phases of TSH 
variations. 95 During prolonged partial sleep deprivation TSH behaves differ¬ 
ently than during acute sleep loss. In young healthy men, the nocturnal rise 
in TSH and the 24-h mean concentration were markedly decreased if sleep 
was restricted to four hours per night for six days compared to that after sleep 
recovery of twelve hours in bed for seven nights. 34 The impaired glucose tol¬ 
erance in the sleep-debt condition 34 may be attributed to increased free thy¬ 
roxin index and may be compatible with the insulin resistance often 
encountered in hyperthyroid patients 96 and in sleep apnoea. 45 

Microinjection of TRH in the rabbit medulla oblongata has excitatory, 
inhibitory or no effects on respiration depending on the site of injection. 97 
Inspiratory neural output is decreased in hypothyroidism because of changes 
in metabolic rate and temperature. 98 Hypothyroid patients have decreased 
ventilatory chemosensitivity," which can be improved with thyroxine replace¬ 
ment therapy. 18 98 In hypothyroid patients, inspiratory and expiratory muscle 
strength correlate inversely with TSH concentrations. 100 

4.2. Hypothyroidism 

A link between SDB and hypothyroidism is suggested by the high prevalence 
of sleep apnoea among hypothyroid patients, particularly in the now rare 
myxoedematous patients (7.7-100%, Table 1). 18-21 Therefore, symptoms of 
SDB should be routinely queried in all hypothyroid patients and sleep stud¬ 
ies considered when symptoms are present. 

The increased prevalence of SDB appears to be related to obesity and male 
gender rather than hypothyroidism per se. 21 However, decreased ventilatory 
responses, 98 extravasation of albumin and mucopolysaccharides in the tissues 
of the upper airway, 101 ’ 102 and hypothyroid myopathy 19 have been suggested 
as possible contributing factors for SDB in hypothyroidism. 

The decreased ventilatory responses increase with thyroxin replace¬ 
ment, 98 ’ 103 and episodes of apnoea may disappear. 18-20 ’ 104 After initiation of 
thyroxin replacement therapy patients may snore more, 20 suffer from noctur¬ 
nal chest pain and ventricular arrhythmia. 19 A temporary worsening of SDB 
after the onset of thyroxin therapy could be due to an increase in the basal 
metabolic rate, increased oxygen consumption and increased respiratory drive, 
which could promote periodic breathing and upper airway instability. 
Prolonged episodes of apnoea and lower oxyhaemoglobin saturation could be 
risky in patients with preexisting coronary heart disease. The upper airways 
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gradually adjust to the new hormonal state and are able to benefit from the 
normalized respiratory stimulus. To avoid possible complications, hypothyroid 
patients with SDB should at least initially be considered for treatment with 
nasal CPAP. When a steady state has been achieved and the patient no longer 
has symptoms of hypothyroidism, the need for nasal CPAP therapy should be 
re-evaluated. 

In patients with OSAS, the prevalence of hypothyroidism is 1-3%, 20 ’ 105 ’ 106 
which does not essentially differ from that in the general population. 
Screening for hypothyroidism in patients with sleep apnoea does not seem to 
be necessary unless the patient is symptomatic or belongs to a risk group 
(women of 60 years or older). 106 

4.3. Effect of Nasal CPAP 

Although the prevalence of hypothyroidism is not essentially increased, TSH 
levels may be low in OSAS. In one study in 101 male patients with OSAS, there 
was a small but significant inverse correlation between OSAS severity and free 
T4 levels but not TSH. 45 In another study in male patients with OSAS, the 
decrease in serum TSH was most pronounced in patients with the most severe 
pretreatment nocturnal hypoxemia. The response to thyrotrophin-releasing hor¬ 
mone challenge was normal before and after treatment and was not affected by 
CPAP treatment. 79 The thyroid axis responds to systemic non-thyroidal illness 
by an increase in free T4, stimulated by decreased T4 to T3 conversion in periph¬ 
eral tissues, but the expected feedback-induced increase in TSH production is 
often prevented by direct hypothalamic suppression. There seems to be a simi¬ 
lar response to CPAP therapy. TSH levels decreased even further after one to 
seven months of CPAP therapy 45 ’ 79 without a resiprocal elevation in free T4 lev¬ 
els, consistent with the pattern of recovery from non-thyroidal illness. 107 


5. Somatotrophic Axis 

5.1. Growth Hormone, Insulin-like Growth Factor-I, 

Ghrelin and Somatostatin 

The hormones of the somatotrophic axis have a major impact on sleep and 
probably also on breathing. Growth hormone-releasing hormone (GHRH) 
increases GH release, while somatostatin decreases it. 108 GHRH appears to be 
the common physiological factor stimulating SWS and GH release. 109 GH 
secretion bursts occur mainly during SWS. 110 The amount of visceral fat 
appears to be an especially dominant negative determinant of GH secre¬ 
tion. 111 For each 1.5 kg/m 2 increase in BMI, there is a 50% decrease in the daily 
amount of secreted GH. 111 

Unlike GH, there is apparently no circadian or sleep-related variation in 
the serum insulin-like growth factor-I (IGF-I) concentration, 111 although 
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some authors have suggested a decrease after sleep onset. 113 The role of GH 
and IGF-I in the control of breathing is unclear, but some evidence suggests 
their direct or indirect involvement in the regulation of breathing. 114115 

Ghrelin, the main endogenous ligand for growth hormone secretagogue 
(GHS) receptors, stimulates GH release, appetite, and weight gain in humans 
and rodents. 116 Circulating ghrelin acts via GHS-receptors located mainly on 
GHRH and NPY neurons. 116 Ghrelin enhances SWS in humans but no data 
is available about its possible role in the control of breathing. In patients with 
OS AS fasting ghrelin levels are higher than in BMI-matched controls. 117 

Somatostatin is the counterpart of GHRH in GH release. In young persons, 
administration of somatostatin either in a continuous 118 or a pulsatile 119 fashion 
does not alter sleep. However, in elderly persons, repetitive administration of 
somatostatin decreased total sleep time and REM time and induced increased 
intermittent wakefulness. 120 The age-dependent response of GHRH can be 
explained by the age-related decrease in the activity of GHRH, but not somato¬ 
statin. 121 Somatostatin appears to be a central respiratory inhibitor. 122123 

Both in obesity and in OS AS, spontaneous GH secretion is reduced, 6768124 
whereas IGF-I levels are normal or slightly decreased in obesity and decreased 
in OSAS. 124 ’ 125 These alterations in OSAS could simply reflect overweight or 
hypoxia-induced endocrine changes. However, a recent study showed that in 
OSAS the maximal secretory capacity of somatotroph cells and the IGF-I 
sensitivity to recombinant human growth hormone stimulation are impaired 
compared to weight-matched patients with simple obesity. 126 The alteration in 
GH/IGF-I axis activity in OSAS may reflect the reduced testosterone concen¬ 
trations in OSAS 124 127 128 since testosterone increases IGF-I synthesis and 
release. 129 ’ 130 

5.2. Acromegaly 

The association of snoring, daytime sleepiness and acromegaly was 
reported over a century ago. 131 Macroglossia and pharyngeal swelling are 
the most probable reasons for the high incidence of SDB in acromegaly 
(Table l). 132 " 135 Accordingly, sleep apnoea is alleviated when tissue hyper¬ 
trophy decreases with somatostatin analogue treatment. 136 138 GH or IGF-I 
may also have a direct role in the pathogenesis of sleep apnoea but obser¬ 
vations are controversial. 12 ' 1416 ’ 139 Some investigators report an association 
between the presence of sleep apnoea and high growth hormone and IGF- 
I levels, 12 ’ 16 ’ 139 whereas others fail to show any association between obstruc¬ 
tive sleep apnoea and the biochemical activity of acromegaly. 1314 One study 
found an association between the biochemical activity of acromegaly and 
central sleep apnoea. 14 The high IGF-I levels in acromegaly may drive 
breathing and result in the increased hypercapnic ventilatory response 
measured during wakefulness 136 and increased frequency of central 
apnoea 136 or periodic breathing with symmetric waxing and waning respi¬ 
ratory efforts 15 during sleep. 
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Treatment of acromegaly with adenomectomy 16 or with somatostatin ana¬ 
logues 136138 may cure acromegaly-related OSAS. The operative team should 
be aware of the risks of performing transsphenoidal adenoma resection in 
acromegalic patients with sleep apnoea in whom upper airway oedema could 
potentially further aggravate gas exchange postoperatively. 132 Because 
octreotide treatment may promptly alleviate OSAS, its preoperative adminis¬ 
tration is recommended. 137 140 142 Preoperative nasal CPAP therapy could also 
reduce perioperative risks. 142 Sedatives have to be avoided and monitoring of 
breathing should be extended beyond the immediate postoperative period. 
Perioperative tracheostomy is the safest and sometimes the only alternative 
to secure breathing after surgery. 

After adenomectomy, sleep apnoea persists in every fifth patient, in particu¬ 
lar in those, whose GH levels remain high. 16 In addition to endocrine factors, the 
high prevalence of residual SDB after adenomectomy could be related to soft 
tissue hypertrophy, which remains unaltered. However, uvulopalatopharyngo- 
plasty is not feasible in the treatment of acromegaly-related OSAS. 143 Nasal 
CPAP with new pressure titration is often needed after surgery. 142 

5.3. Growth Hormone Deficiency 

Not only excessive GH production but also GH deficiency could be linked 
with sleep apnoea. Syndromes with hereditary GH deficiency are often asso¬ 
ciated with obesity as well as craniofacial and pharyngeal abnormalities 
predisposing to SDB. Comprehensive studies are not available, so only anec¬ 
dotal case-reports about Laron dwarfism 144 and Turner syndrome 145 support 
this. In Prader-Willi syndrome severe GH deficiency occurs in 38% of 
adults. 146 The pathological somnolence in Prader-Willi patients could be due 
to nonapnoeic breathing abnormalities rather than episodes of obstructive 
sleep apnoea. 147 

Sleep apnoea patients have low GH levels without any specific causes of 
GH deficiency. 124 GH secretion occurs mostly during sleep, and 70% of noc¬ 
turnal GH pulses are associated with SWS. 110148 In OSAS, GH secretion is 
decreased not only due to obesity 126 149 150 but because of sleep fragmentation 
resulting in decreased amount of SWS. 151 Repetitive hypoxemia may also 
affect GH secretion. In animals, hypoxia inhibits GH release or biosynthe¬ 
sis. 152 GH deficiency in adults is associated with impaired psychological well¬ 
being, insulin resistance, endothelial dysfunction, increased visceral fat, 
increased cardiovascular mortality, and accelerated ageing. 111153 Similar fea¬ 
tures are typical in OSAS, which raises the question of a possible link between 
OSAS-related GH deficiency and the comorbidity seen in OSAS. Indeed, 
patients with severe OSAS have similar levels of IGF-I to adult patients with 
GH deficiency. 124 Low IGF-I may contribute to an increased risk for cardio¬ 
vascular diseases among patients with sleep apnoea. The vascular effects of 
IGF-I are endothelium-dependent, 154 and endothelial cells have IGF-I recep¬ 
tors. 155 IGF-I increases endothelial cell nitric oxide production. 156 Nitric oxide 
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is an important paracrine mediator of vasodilatation and inhibition of vascu¬ 
lar smooth muscle cell growth. 157 

Two recent reports suggest that GH replacement therapy may also affect 
sleep and breathing. 158 159 Among 145 children on GH replacement therapy, 
four developed sleep apnoea, which in three cases was associated with tonsillar 
and adenoidal hypertrophy. 158 Sleep apnoea improved in one patient after ces¬ 
sation of GH therapy, and in all patients following tonsillectomy and ade- 
noidectomy. In five male middle-aged patients with postoperative pituitary 
insufficiency, cessation of GH replacement for six months resulted in a 
decrease of obstructive apnoeic events but in an increase of central apnoeic 
events. 159 Following cessation of GH replacement, SWS decreased markedly. 159 

At least in theory, an unfortunate coexistence of GH deficiency and SDB 
would result in a potentially vicious interaction between two altered physiolog¬ 
ical functions, resulting in severe anatomical abnormalities. A primary GH 
deficiency could predispose to SDB through short stature, craniofacial growth 
retardation and low respiratory drive. SDB would further aggravate GH defi¬ 
ciency through sleep disturbance. A primary SDB could aggravate itself by 
affecting craniofacial and upper airway soft tissue growth through induction of 
secondary GH deficiency. 

5.4. Effect of Nasal CPAP 

Nasal CPAP therapy increases SWS and normalizes GH secretion without 
changes in body weight (Figure 3). 67 ' 69 Fasting plasma ghrelin levels decrease 
with nasal CPAP therapy. 117 Increases in IGF-I concentrations with 
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Figure 3. Plasma growth hormone (GH) levels measured with frequent sampling 
during different sleep stages in eight patients with severe OSAS before and after nasal 
CPAP treatment. The relationship between SWS and GH concentrations becomes sig¬ 
nificant on CPAP treatment. Modified from Grunstein (1996). 69 
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CPAP 124 ’ 160 are most probably mediated via increased GH secretion. 
However, the possible effects of improved nocturnal breathing on GH release 
cannot be excluded. 152 Increased production of IGF-I 124 and circulating 
nitric oxide 161 are plausible mediators of the beneficial effect of nasal CPAP 
on cardiovascular disorders. 

In patients with GH deficiency and with predisposing anatomical abnor¬ 
malities for SDB, systematic screening for SDB is recommended. Nasal 
CPAP treatment and maxillomandibular surgery are feasible therapeutical 
approaches in these patients. 

Treatment of SDB may result in normalization of GH secretion and normal 
growth in children. 162 164 On the other hand, symptoms of SDB should be mon¬ 
itored during GH replacement therapy because of the increased risk of SDB. 

6. Adrenocorticotrophic Axis Hormones 

6.1. Adrenocorticotrophic Axis, Sleep and Breathing 

Corticotrophin-releasing hormone (CRH) has the opposite effect to sleep-pro¬ 
moting GHRH. It decreases SWS, inhibits GH release but stimulates cortisol 
secretion. 165 Cortisol secretion enhances SWS, 166 167 probably by feedback inhi¬ 
bition of CRH. 109 

CRH receptors are widely distributed in the brain areas involved in the 
control of breathing. 168 CRH acts as a central respiratory stimulant. 169170 
Cortisol is not known to be involved in control of breathing. 

Early reports suggested a stimulatory stress-effect of OSAS on the pitu¬ 
itary-glucocorticoid axis. Later studies have found neither alterations in cor¬ 
tisol levels in OSAS nor any effect of CPAP treatment on this axis. 124160 

6.2. Cushings Syndrome and Cushings Disease 

Shipley and coworkers found sleep apnoea in 45% of their 22 patients with 
Cushing’s disease or Cushing’s syndrome. 22 23 Mechanisms could be related to 
uncovered endocrine interactions or alterations in morphology of the upper 
airways. Also long-term high-dose corticosteroid therapy may contribute to 
SDB. 142 This is of importance especially in patients with juvenile rheumatoid 
arthritis, whose craniofacial abnormalities (micrognathia) also predispose to 
SDB. 

7. Sex Hormones 

7.1. Sex Hormones, Sleep and Breathing 

The brain is a major target organ of steroid hormones that are synthesized 
primarily in the gonads and the adrenal glands. Due to their high lipid solu¬ 
bility they easily cross the blood-brain barrier. The brain also contains steroid 
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biosynthetic enzymes. 171172 There are two major pathways for steroid metab¬ 
olism in the brain: cytochrome P450 aromatase converts both testosterone 
and androstenedione into oestradiol and the second pathway uses 5-alpha- 
reductase to convert a number of steroids into their reduced forms. 173 Sex 
hormone receptors are widely distributed throughout the brain, progesterone 
receptor mRNA being identified e.g in the hypoglossal nucleus and the 
nucleus of the solitary tract (NTS) 174 and oestrogen alpha and beta recep¬ 
tors in NTS neurons. 175 Androgen receptors have been found in the hypoglos¬ 
sal nucleus. 176 Androgen binding is lower in female than in male hypoglossal 
nucleus. 177 High levels of oestradiol downregulate oestrogen receptors, 
whereas progesterone receptors are upregulated by oestradiol and downregu- 
lated by androgen withdrawal. 178 Androgen receptors are upregulated by 
androgens in both male and female rats and downregulated by androgen 
withdrawal. 179 182 Oestrogen can also act via non-genomic effects. 178 Sex 
steroids influence neuromodulatory neurons including serotonergic, nora¬ 
drenergic, dopaminergic and cholinergic neurons 178 i.e. neurons involved in 
the control of the sleep/wake cycle and breathing. 178 

In humans, oestrogen increases the amount of REM sleep 183 184 and 
decreases the latency to REM sleep. 183 Oestrogen therapy decreases the 
latency to sleep onset, 183,185 187 decreases awakenings after sleep onset, 184188 
increases total sleep time, 48183 184 increases the amount of SWS, 48 and 
decreases the rate of cyclic alternating patterns. 189 Some studies have found 
oestrogen to have no effect on objective sleep quality. 190 However, there is 
a discrepancy between objective and subjective sleep quality in postmeno¬ 
pausal women. 48,191 

Progesterone has sedative, benzodiazepine-like agonistic effects on 
GABA a receptors. 109 The effects on sleep appear to be mediated via the con¬ 
version of progesterone to its major metabolite allopregnanolone. 192 

Testosterone secretion follows a near-cosine waveform with its maximal 
value observed towards the end of the sleep period 193 or at about the time of 
the first REM sleep period. 194 In young healthy men, sleep deprivation 
decreases serum testosterone levels. 195 Age-dependent positive associations 
exist between sleep efficiency, shortened latency to REM sleep, and number 
of REM episodes, and circulating testosterone levels. 196 

Sex steroids have a profound effect on breathing. 4,197 199 Sex steroids might 
influence peripheral or central chemoreceptors or their sensory nuclei, or cor¬ 
tical, cerebellar or hypothalamic nuclei that project to the brainstem and 
spinal cord respiratory-related neurons. 

Progesterone is the sex steroid most closely linked with the control of 
breathing, acting both centrally and via peripheral chemoreceptors. 200 ' 203 The 
mechanisms of action of oestrogen on breathing are mostly unknown. The 
serotonergic system is involved in the neural control of breathing. In rats, 
5HT levels in the hypoglossal nucleus closely reflect circulating oestradiol lev¬ 
els whereas in the phrenic nucleus 5HT levels correspond to circulating prog¬ 
esterone levels. 178 
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The role of testosterone in control of breathing is not thoroughly investi¬ 
gated. In some hypogonadal men, testosterone supplementation increased 
ventilation and metabolic rate without change in arterial or end-tidal 
PC0 2 . 204 Similar ventilatory increases has been reported in neutered cats. 204 
Testosterone also suppressed hypercapnic ventilatory drive in infant monkeys 
during sleep. 206 

7 . 2 . Pregnancy 

Pregnancy has a marked impact on breathing, which is largely mediated 
through hormones. The levels of the female sex hormones progesterone and 
oestrogen increase markedly. Progesterone increases ventilation 207 and may 
cause hypocapnia and respiratory alkalosis, and result in respiratory insta¬ 
bility and episodes of central apnoea during NREM sleep. 208 Pharyngeal 
dimensions decrease during pregnancy, 209 nasal congestion and rhinitis are 
frequent, 210 and the enlarging uterus compromises the performance of the 
diaphragm. Increased oestrogen levels may cause oedema in the upper air¬ 
way mucosa, and thereby be responsible for upper airway symptoms. 211 On 
the other hand, increased female hormone levels may protect upper airway 
patency, assuming that upper airway dilators are able to respond appropri¬ 
ately. 205 Despite marked “central obesity”, neither normal 212 213 nor multi¬ 
ple pregnancy 214 seems to predispose to SDB. However, in obese women 
pre-existing SDB may deteriorate during pregnancy. 213 In pre-eclampsia, 
partial upper airway obstruction during sleep is common. 215 ’ 216 The long 
periods of partial upper airway obstruction are associated with increased 
systemic arterial blood pressure, which can be lowered with nasal CPAP 
therapy. 215 

Snoring is frequent among pregnant women (12-23% vs. 4% in non-preg- 
nant women). 217-219 Snoring or OSAS during pregnancy have been suggested 
to cause intrauterine foetal growth restriction and lower APGAR scores at 
birth. 217 218 220 Nasal CPAP therapy also seems to be both safe and effective 
during pregnancy, 215 221 222 and early intervention may improve the outcome 
of the mother and her baby. 

7.3. Polycystic Ovary Syndrome 

Recent studies show a high prevalence rate of SDB in women with polycystic 
ovary syndrome. 37223 Previously, SDB in polycystic ovary syndrome was 
attributed entirely to obesity, but Vgontzas and collaborators 37 showed that 
insulin resistance was a stronger determinant of SDB than BMI or serum 
testosterone levels. The AHI correlates with waist-hip-ratio and serum total 
and free testosterone concentrations. 223 SDB should be suspected and verifi¬ 
cation should be sought when women with polycystic ovary syndrome pres¬ 
ent with compatible symptoms. 
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7.4. Menopause 

In clinical studies, the male to female ratio of OS AS is about 10:1. 224-226 In 
community based populations, the prevalence of OSAS is higher, and the 
male to female ratio ranges from 2:1 and 4:l. 227 - 230 

Female hormones are thought to protect women from SDB until 
menopause. 231 Among women referred to the sleep clinic, 47% of the post¬ 
menopausal and 21% of the premenopausal women had sleep apnoea. 232 The 
observations from community-based studies on the impact of menopause on 
the prevalence of SDB are not consistent, although most studies show 
increased prevalence estimates of sleep apnoea after menopause. 2 ’ 228 ’ 229 ’ 233 234 
Much of the discrepancy could be attributed to variations in the definition of 
SDB. Episodes of sleep apnoea seem to grossly underestimate SDB in women 
since partial upper airway obstruction is far more common. Out of 62 
healthy postmenopausal women, 17% had significant amount of partial 
upper airway obstruction during sleep. 11 In a large community-based study, 
1.9% of postmenopausal women and 0.6% of premenopausal women had 
OSAS, defined as an AHI of > 10 and occurrence of daytime symptoms. 2 

Postmenopausal hormone therapy (HT) may prevent SDB. In a cross- 
sectional study, the prevalence estimates of sleep apnoea in postmenopausal 
women without HT were almost similar to those in men, whereas in HT users 
they were compatible with those in premenopausal women (Table 3). 2 In 
another study, hormone users had lower AHI than nonusers. 235 No significant 

Table 3. Effect of gender, menopause and hormone replacement therapy on preva¬ 
lence of sleep-disordered breathing. In postmenopausal women without hormone 
replacement therapy, prevalence of sleep-disordered breathing does not differ from 
that of men, whereas in postmenopausal women on hormone replacement therapy it 
is at the same level than in premenopausal women. Modified from the text and table 
of Bixler and co-workers. 2 1) = Difference non-significant between the various modes 
of hormone replacement therapy. 
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difference was found between the effect of oestrogen alone or oestrogen plus 
progestin users. 

Short-term administration of progestin alone (Figure 4) 199 ’ 236 or in combi¬ 
nation with oestrogen 237 238 has shown only slight, if any, improvement in 
SDB in postmenopausal women. A recent preliminary study, however, 
showed a marked improvement in SDB with short-term oestrogen therapy, 
whereas addition of micronized progesterone attenuated the oestrogen- 
induced beneficial effects. 239 

However, it has not been excluded that a long-term HT might be beneficial 
in terms of improving SDB. Increasing evidence suggests that menopause is 
an independent risk factor for SDB. Nasal CPAP therapy is the treatment of 
choice in postmenopausal women with SDB. Indeed, SDB, partial obstruc¬ 
tion in particular, should be considered in the differential diagnosis of 
depression, insomnia or restless legs syndrome to explain excessive sleepiness, 
and fatigue among postmenopausal women. 

7.5. Androgens 

The male predominance of OSAS has been attributed to testosterone-mediated 
aggravation of SDB or to the lack of protective effect of female hormones. 
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Figure 4. Decrease in apnoea-hypopnoea index with a two-week medroxyproges¬ 
terone acetate (60 mg daily) or with one-night nasal CPAP treatment in six post¬ 
menopausal women. Values are expressed as median (interquartile range). Based on 
data by Saaresranta et al. (2001) 199 










Sleep-Disordered Breathing and Hormones 455 


Androgens do not affect oestradiol or progesterone levels but may reduce their 
effect by down-regulating oestrogen and progesterone receptors. 240 Oestrone 
levels increase with androgens. 240 Among seven obese men, all except the one 
with hypogonadism presented with sleep apnoea. 241 In men, exogenous testos¬ 
terone may suppress 242 or augment 243 244 hypoxic respiratory responses and lead 
to periodic breathing and sleep apnoea. 241 ’ 243 ’ 244 Exogenous testosterone does 
not affect the upper airway dimensions in men. 244 

Few studies have systemically evaluated the effects of exogenous androgen 
replacement therapy on SDB. Testosterone replacement therapy induced 
OSAS in one out of five men and aggravated pre-existing SDB in another. 242 
In 11 hypogonadal men, testosterone replacement increased apnoeic events 
but only in three subjects the increase was considered clinically significant. 244 
In a placebo-controlled randomised cross-over study of 17 elderly men with 
partial androgen deficiency, testosterone replacement therapy decreased total 
sleep time and sleep efficiency, and aggravated sleep apnoea. 245 

The few available data from women with SDB support the link between 
androgens and SDB. Irrespective of the menopausal state, obese women have 
higher androgen levels than nonobese women. 246 247 The prevalence of snor¬ 
ing plateaus or decreases in men after the age of 60 years. 248 249 Contrary to 
the observations in men, women continue to increase their snoring even 
beyond the age of 60 years. 248 Those observations suggest that decline of 
androgens in ageing males alleviates snoring, whereas menopause-induced 
oestrogen and progesterone deficiency and increased androgenicity continue 
to aggravate snoring in postmenopausal women. In a lean 70-year-old 
woman, testosterone-producing tumour caused sleep apnoea, which disap¬ 
peared after removal of the tumour. 250 Exogenous testosterone induces sleep 
apnoea and even alters the upper airway dimensions in women. 251 

However, it is still somewhat controversial whether testosterone con¬ 
tributes to the development or aggravation of SDB. In men with OSAS, 
androgen blockade with flutamide did not affect ventilatory responses or 
SDB. 252 However, basal testosterone levels may be decreased in such patients 
and thus the therapeutic response to blockade might be decreased. 

After discontinuing testosterone therapy for two months in haemodialysis 
patients, no change in AHI occurred. 253 On the other hand, 75% of the 
patients with a clinical history of OSAS were on testosterone therapy, com¬ 
pared to only 35% of those without history of SDB. It is not clear, whether 
these observations reflect the effect of testosterone per se, or possibly the 
severity of underlying renal disease and disturbances in the acid-base balance 
leading in respiratory changes. 

In OSAS, both morning and nocturnal testosterone concentrations may be 
decreased 124 127 ’ 128 but increase after uvulopalatal resection. 127 OSAS may 
impair testosterone levels via several mechanisms. First, in obese individuals, 
total testosterone is decreased, and in massively obese patients also the free 
testosterone levels may decrease. 254 255 Second, patients with OSAS are sleep- 
deprived. Testosterone concentrations fall with prolonged physical stress, 
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sleep deprivation and sleep fragmentation in normal young men. 256 * 258 Third, 
repetitive episodes of hypoxaemia is typical for OSAS. Hypoxia decreases 
luteinizing hormone (LH) and testosterone levels, and alters circadian 
rhythm of testosterone secretion. 7 ’ 259 260 Depression of testosterone levels cor¬ 
relates with the severity of hypoxemia in patients with sleep apnoea. 7 ’ 259 ’ 260 
Testosterone levels rise with oxygen therapy in COPD 261 and with weight 
reduction in obesity hypoventilation syndrome. 262 Fourth, decreased testos¬ 
terone levels may be part of an adaptive homeostatic mechanism to reduce 
SDB assuming that testosterone aggravates SDB. 

Both LH and testosterone secretion increase during sleep. 263 264 Since 
CPAP therapy improves sleep quality, it is logical that also the decreased 
testosterone levels 124 127 128 are normalized on nasal CPAP therapy. 124127 

Androgen replacement therapy is likely to become more common in the 
treatment of andropausal symptoms in ageing men. With the availability of 
preparations developed specifically for women, androgen replacement ther¬ 
apy is likely to become more widespread also as a treatment of fatigue, 
decreased libido or osteoporosis in postmenopausal women. 265 The appear¬ 
ance of symptoms suggesting SDB should be monitored in both men and in 
women during androgen replacement therapy. 


8. Conclusions 

SDB is still underdiagnosed, 266 also when appearing in connection with 
endocrine disorders. There are complex interactions between hormones and 
SDB. Nasal CPAP is currently the treatment of choice in mild to severe 
OSAS, 30 267 also partly restoring the endocrine balance. A better understand¬ 
ing of hormones and breathing may open new perspectives in developing 
strategies to prevent, alleviate or cure SDB and its systemic consequences. 
Sleep apnoea is a system disorder challenging both clinicians and scientists to 
combat the sleep apnoea epidemic. 
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Autonomic Nervous System 
Activity during Sleep in Humans 

Heart Rate Variability during Sleep 

Gabrielle Brandenberger and Antoine U. Viola 


1. Introduction 

Heart rate (HR) is determined by the rate of depolarization of the cardiac 
pacemaker which is found in the sinoatrial node, the atrioventricular node, 
and the Purkinje tissue. The intrinsic HR in absence of any neurohumoral 
influence is about 100 to 120 bpm. In the intact individual, HR at any time 
represents the net effect of the parasympathetic nerves which slow it and 
the sympathetic nerves which accelerate it. In most physiological condi¬ 
tions, sympathetic and parasympathetic (vagal) activities modulating HR 
undergo a reciprocal regulation, leading to the classic notion of sympatho- 
vagal balance. 

Sympathetic excitation and simultaneous vagal inhibition, or vice versa, are 
presumed to contribute to the beat-to-beat fluctuations of R-R intervals, also 
known as heart rate variability (HRV) which occur even at rest (Figure 1). 
There has been increasing interest in the study of HRV because of the predic¬ 
tive association between reduced HRV and higher risk for coronary disease, 
mortality after myocardial infarction, and all-cause mortality. 1 ' 8 High sympa¬ 
thetic activity is a potent descriptor of poor survival, 9 whereas high vagal tone 
provides some degree of cardioprotection. 10 

A thorough understanding of the cardiac and vascular effects of sleep may 
clarify why some cardiovascular events occur less often and some others more 
often during sleep than during wakefulness. Reports from Somers et al. 11 and 
Murali et al. 12 indicate that in humans, slow wave sleep (SWS) lowers arterial 
blood pressure and causes bradycardia, and that both changes become more 
pronounced as sleep progresses from its minimal to its maximal slow wave 
activity. During rapid eye movement (REM) sleep large transient increases in 
blood pressure reverse the low pressure that characterizes the preceding SWS. 

More importantly, by directly recording sympathetic nerve traffic, these 
investigators have provided evidence that sympathetic nerve activity is reduced 
by more than half from wakefulness to sleep stage 4 but increased to levels 
above waking values during REM sleep. These striking changes strongly sug¬ 
gest a primary role for sympathetic nervous system in the production of both 
the inhibitory and the excitatory cardiovascular phenomena of sleep. 13 
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Figure 1. Successive R-R intervals. Heart rate variability is defined as the time fluc¬ 
tuations between R-R intervals. 


Here we provide data on the relationship between the time and frequency 
domain HRV indexes and sleep stages in young (20-30 years) and older per¬ 
sons (55-66 years), throughout the night. We use a method for averaging 
HRV data derived from Achermann et al. 23 which normalizes the individual 
differences in the duration of sleep episodes and reconciles sleep stage pat¬ 
terning and spectral analysis of EEG power. 

Finally, we propose an original approach for the evaluation of the auto¬ 
nomic nervous system activity based on measures of HR and HRV during 
the first complete NREM-REM sleep cycle with the idea that it represents a 
spontaneous autonomic maneuver free of any external influence. 


2. HRV Indexes: Methodological Aspects 

To quantify HRV, the analog electrocardiogram (ECG) signal is recorded 
using chest electrodes to obtain a QRS complex of sufficient amplitude and 
a stable baseline. After analog-to-digital conversion, a computer stores the 
time intervals between successive R waves. 
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Figure 2. Overnight pattern of instantaneous HR (beat/min) in a young subject 
together with the hypnogram. Quiet periods (i.e. SWS and the preceding sleep stage 2) 
alternate throughout the night with active periods (i.e. REM sleep and the preceding 
sleep stage 2). 
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Simple descriptive statistics are then computed providing mean HR and 
time domain estimation of HRV, while various algorithms have been used to 
extract from the tackogram the characteristics of the rhythmic components 
embedded in its variability. 

2.1. Time Domain Measures 

Some of the more common time domain measures of HRV are a) the stan¬ 
dard deviation of normal-to-normal intervals (SDNN) which expresses the 
overall variability and b) the root-mean-square difference among successive 
normal R-R intervals (RMSSD) which is considered an index of parasym¬ 
pathetic activity. 24 

The series of R-R intervals can be visualized in a geometrical pattern, such as 
the Poincare plot, which is a scatter plot of cardiac R-R intervals (R-Rn+1) 
against the previous intervals (R-Rn) (Figure 3). 

This simple construction provides summary information about overall and 
instantaneous beat-to-beat variability. Each sleep stage has a characteristic and 
distinctive Poincare plot. During SWS when the basic pattern of R-R intervals 
is very regular with little interbeat variability, the Poincare plot is characterized 
by a tight cluster of points, reflecting low overall variability (Figure 3). 

During REM sleep, the R-R profiles display larger and slower oscillations. 
Data on Poincare plots are then spread along the diagonal showing their high 
overall variability (Figure 4). 

SDNN relates to the variance of the data distributed along the diagonal 
line of the Poincare plot projected on to the x-axis. RMSSD relates to the 
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Figure 3. Representative pattern of R-R intervals during SWS together with the 5-min 
Poincare plot and power spectrum. 
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Figure 4. Representative pattern of R-R intervals during REM sleep together with 
the 5-min Poincare plot and power spectrum. 


variance of the distribution of data points perpendicular to the diagonal line. 
This procedure has been used to identify abnormalities of cardiac dynamic 
rhythms in numerous pathological conditions, including sudden infant death 
syndrome, 2526 heart failure, 27 ' 29 and obstructive sleep apnea. 30 Recently, we 
proposed a new marker of sympathovagal balance during sleep, the interbeat 
autocorrelation coefficient (rRR) derived from Poincare plot, which is closely 
related to variations in EEG activity. 3132 

2.2. Frequency Domain Indexes 

Power spectrum analysis provides the basic information of how power is dis¬ 
tributed as a function of frequency. 3 ’ 33 " 36 Three main spectral components are 
distinguished in a spectrum calculated from short-term recordings of 5 min: the 
respiratory rhythm of the heart period variation (whose frequency is synchro¬ 
nous with the respiratory rate), defined as the high-frequency (HF) spectral 
component (0.15-0.50 Hz; 6.6-2.0 s), is generally considered a marker of vagal 
modulation. The rhythm corresponding to vasomotor waves and present in 
heart period and arterial pressure variabilities (also referred to as Mayer waves) 
is defined as the low-frequency (LF) component (0.04-0.15 Hz; 25.0-6.6 s). It is 
considered an indicator of sympathetic activation with a parasympathetic com¬ 
ponent. The very low frequency (VLF) component (< 0.04 Hz) is assumed to 
be due to long-term regulatory mechanisms such as humoral factors, tempera¬ 
ture, and other slow components. 

When absolute indexes are used, the changes in total power are usually seen 
to influence SDNN, RMSSD, LF and HF components in the same direction. 
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Therefore, some further indexes focusing mainly on the fractional distribution 
of power and independent of the absolute values of variance are also neces¬ 
sary. With the use of appropriate autonomic blocking agents and experimen¬ 
tal strategies, several studies have demonstrated that the LF/HF ratio, or the 
normalized LF/(LF+HF) and HF/(LF+HF) ratios, are markers of the 
dynamic balance between sympathetic and parasympathetic activities. 33 3543 In 
addition, a high coherence was found between the LF and HF components in 
R-R variability and similar components present in the discharge variability of 
cardiac 40 44 ’ 45 or muscle sympathetic nerve activity. 46 47 As largely reported in 
the literature, 1417 SWS is characterized by low power in the LF band, high 
power in the HF band (Figure 3), and an increased HF/(LF+HF) ratio, reflect¬ 
ing parasympathetic dominance. In contrast, REM sleep is associated with 
high LF/(LF+HF), reflecting sympathetic dominance (Figure 4). It should be 
noted that only Zemaityte et al. 14 used appropriate drugs (propranol, 
atropine) during sleep to validate HRV indexes. Thus, the results obtained by 
microneurography, which revealed increased bursts of sympathetic nerve 
activity during REM sleep, are of the highest importance. 11 

Spectral analysis that is used to detect possible rhythmicities hidden in the 
signal necessitates stationary conditions that, in strict terms, are unknown to 
biology. A practical compromise has to be found between the length of the 
series and theoretical mathematical requirements. Shorter data segments are 
more likely to be stationary, and segments with sudden HR variations 
(arousals) have to be excluded. 

Since the initial studies, the interpretation of the various spectral compo¬ 
nents has become more debatable with the demonstration that LF fluctua¬ 
tions in the R-R interval variability do not accurately reflect changes in 
sympathetic activity. 48 ' 50 Eckberg 51 argues that the physiology behind the 
parameters associated with the HRV spectrum may be in danger of being 
obscured by the language and mathematical manipulations used to describe 
them. Therefore, care should be taken when evaluating HRV, so much the 
more as the data appears to depend on the experimental means used to mod¬ 
ulate the sympathovagal balance. New methods, based on the wavelet trans¬ 
form 52 ’ 53 or adapted from chaos theory, 54 ' 56 will give further insight into the 
complex changes in beat-to-beat intervals during sleep. 


3. Ultradian Oscillations in EEG Activity and 
HRV Indexes in Young Men: The Duality in Sleep 
Stage 2 

In man, sleep displays one of the most prominent ultradian rhythms char¬ 
acterized by the regular occurrence of two basic sleep states : NREM sleep 
and REM sleep which alternate with an 80-120 min period. Using EEG 
spectral analysis which provides a dynamic description of sleep processes, 
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certain authors have reported that slow wave activity (0.5-3.5 Hz) character¬ 
izing the depth of sleep oscillates with a similar period. NREM sleep is not 
uniform, but is composed of successive stages: stages 1 and 2, SWS and 
stage 2 preceding REM sleep, all of which have to be taken into account, as 
each of these sleep stages shows widely differing EEG properties. 
Normalizing the individual hypnograms allowed pure stage 2, REM sleep 
and SWS to be characterized and averaged among subjects. 57 An ultradian 
rhythm in SDNN, rRR and the LF/(LF+HF) ratio emerges coupled in a 
mirror image of the overnight oscillations in slow wave activity (Figure 5). 
During SWS, SDNN, rRR, and LF/(LF+HF) are the lowest, and during 
REM sleep, the highest. There is a duality in sleep stage 2, which becomes 



Clack Tims (h) 


Figure 5. Mean (± SE) normalized time courses of slow wave activity, standard devi¬ 
ation of normal R-R intervals (SDNN), interbeat autocorrelation coefficient of R-R 
intervals (rRR), and the ratio of low frequency power to high-plus low frequency 
power (LF/(LF+HF) during the NREM-REM sleep cycles in nine good sleepers with 
normal respiratory patterns. An ultradian rhythm in HRV indexes, inversely coupled 
to the overnight oscillations in slow wave activity, emerges in good sleepers. 
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progressively “quieter” with a decrease in SDNN, rRR, and LF/(LF+HF) 
from REM sleep to SWS, and abruptly “active” during the transition from 
SWS to REM sleep. 

Overnight cross-correlation between the profiles of consecutive 5-min seg¬ 
ments in slow wave activity and HRV indexes indicates that cardiac changes 
precede EEG changes by about 5 min. It is then tempting to propose that an 
oscillatory process in sympathovagal balance adjusts itself in anticipation of 
EEG activity, and that sleep disorders might result from an alteration of the 
autonomic nervous system activity as previously reported 58 or from inade¬ 
quate coupling between autonomic and EEG ultradian rhythms. 


4. Age-Related Changes in HRV 

Aging is commonly associated with decreased sleep quality which can influ¬ 
ence HRV. 59 The changes with age include reduced lower total sleep time and 
SWS duration with a disappearance in sleep stage 4, whereas the duration of 
sleep stage 2 and REM sleep remains quite stable. 60 ' 62 The sudden HR 
increase associated with the emergence from SWS in the first sleep cycle is 
lower in elderly than in young subjects (Figure 6). Elderly subjects are also 
prone to periodic breathing characterized by rises and falls in ventilation 
without apnea. 63 65 Periodic breathing is found in about 20% of the sleep time 
and is frequent during REM sleep and the preceding sleep stage 2. It strongly 
influences HRV which can prevent evaluation of autonomic tone. 66 ' 68 

Two distinct features that depend on respiratory pattern characterize HRV 
in the elderly: 69 1) During periods of normal breathing, there is a large drop 


Arousal 



Beat number 

Figure 6. Increase in instantaneous HR (means ± SE) during arousal at the transi¬ 
tion from SWS to active sleep stage 2 in twelve young and twelve older subjects. 
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in all absolute HRV indexes compared to young subjects, without any signif¬ 
icant sleep-stage dependent variations (Figure 7), and a predominant loss of 
parasympathetic activity (Figure 8) which may be related to decreased sleep 
quality; 2) Periodic breathing induces substantial modifications in HRV by 
triggering important oscillations in the VLF range (i.e. ~ 40 s), which simply 
reflect the respiratory pattern, with additional LF and HF oscillations. 

Periodic breathing represents a powerful modulator of HRV which possi¬ 
bly acts through a direct mechanical effect and implies substantial autonomic 
drive to the heart, both of sympathetic and parasympathetic nature. Such a 
major influence of respiration is generally ignored in studies concerned with 
age-related changes, despite the large number of studies that have empha¬ 
sized the influence of ventilatory changes on HRV in various experimental 
conditions, even in young subjects. 70 ' 75 Controlled breathing has been recom¬ 
mended to maintain the breathing frequency in the HF band. However, this 
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Figure 7. Mean (± SE) time courses of SDNN, LF and HF power during the two 
first normalized NREM-REM sleep cycles with normal respiratory patterns in twelve 
young and twelve older subjects (abbreviations as in Figure 5). Note the large fall in 
absolute HRV indexes in the elderly. 

















Autonomic Nervous System Activity during Sleep in Humans 479 


Young 


Cycle 1 Cycle 2 



O 30 60 0 30 60 


Old 

Cycle 1 Cycle 2 

I-1-1— I-1-1— T 

0 30 60 0 30 60 90 

(min) 


Figure 8. Mean (± SE) time courses of HF/(LF+HF) during the two first NREM- 
REM sleep cycles with normal respiratory patterns in twelve young and twelve elderly 
subjects. Aging is associated with a predominant loss in parasympathetic activity, as 
inferred from low HF/(LF+HF). (abbreviations as in Figure 5). 


is not a physiological breathing and the mental engagement in following the 
metronome may produce sympathetic excitation. 


5. Sleep Stage Alternation as an Autonomic Maneuver 

We propose then an original approach for the evaluation of the activity of the 
autonomic nervous system, by using the spontaneous switch from a pro¬ 
nounced vagal tone during SWS to a sympathetic dominance during REM 
sleep. SWS is characterized by a regular respiratory pattern 76 and high ECG 
stationarity required for spectral HRV analysis. The emergence from SWS 
is associated with an arousal characterized by a sudden HR increase, well-doc¬ 
umented in the literature. 77 ' 79 Thus, sleep stage alternation represents an auto¬ 
nomic maneuver free of any external influence with three distinct phases: two 
steady states (SWS, and the subsequent “active” sleep stage 2) which permit 
the use of HRV analysis in time and frequency domains, and a transient phase, 
the arousal associated with the emergence from SWS that allows determina¬ 
tion of HR responsiveness to a spontaneous stimulus (Figure 9). 

With this approach, we have demonstrated that patients who underwent 
cardiac transplantation 4-14 years earlier showed two distinct profiles during 
arousal from SWS. 80 Some patients had no HR variation, while others pre¬ 
sented an HR increase, but smaller than in control subjects (Figure 4). 

Patients with a HR increase also display sleep stage dependent changes 
in sympathetic HRV indexes, whereas the non-reactive group was character¬ 
ized by a simultaneous inability of HR to respond to arousal and of HRV to 
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Figure 9. HR and HRV measurements during the first NREM-REM sleep cycle as 
a tool for the investigation of autonomic activity. This spontaneous autonomic 
maneuver comprises three distinct phases: two steady states, i.e. SWS and the subse¬ 
quent active sleep stage 2 for measurement of HRV, and a transient phase, the arousal 
associated with the emergence from SWS, for determining HR responsiveness. 


change with sleep stage alternation. The increased HR reactivity corrobo¬ 
rated by surrounding HRV variations supports the concept of a partial car¬ 
diac sympathetic reinnervation in some patients with no indication of 
enhanced parasympathetic activity, but other signs of reinnervation have to 
be identified to validate this hypothesis. Thus, sleep stage alternation provides 
discrimination between parasympathetic and sympathetic influences, as has 
been previously recognized by Vanoli et al 81 who studied patients after 
myocardial infarction and found a loss of the capability of the vagus to phys¬ 
iologically activate during sleep. The R-R profile during the first NREM- 
REM sleep cycle may be used to detect cardiovascular dysfunction and to 
assess the extent of a recovery process following treatment. 

With this procedure, the state of sympathovagal balance modulating the 
sinus node pacemaker activity can be quantified in a variety of physiological 
and pathophysiological conditions, and may be particularly useful for diag¬ 
nosis of syndrome characterized by specific sleep-dependent changes in HRV, 
such as sleep apnea, 30 congestive heart failure, 28 myocardial infarction, 81 atri¬ 
oventricular blocks 82 and sudden cardiac death syndrome. 25 


6. Summary 

Numerous studies have demonstrated that global HRV varies according to 
sleep stages and that there is a change in the distribution of power spectra all 
along the NREM-REM sleep cycles. Aging causes a large drop in HRV and 
a predominant loss of parasympathetic activity which may be related to 
decreased sleep quality. Completing the conceptual background of Malliani 
and Montano 83 who emphasized power spectral analysis of R-R intervals as 
a clinical tool for the investigation of autonomic activity, we propose the first 
NREM-REM sleep cycle as an appropriate moment of observation, with 
three distinct phases: two steady states for the measurement of HRV, i.e. the 
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parasympathetic-dominated SWS and the subsequent active stage 2 under 
sympathetic dominance, with the arousal at the emergence from SWS as a 
transient excitatory event for the measure of HR responsiveness. This simple 
non-invasive method can reveal impairment in autonomic cardiovascular 
control or altered target function that may otherwise remain undetected and 
could furnish interesting prognostic markers. 
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Neuroendocrine Correlates of 
Infectious Disease: Implications 
for Sleep 

Linda A. Toth and Jennifer M. Arnold 


1. Introduction 

The optimal outcome of an infection is elimination of the pathogen, recupera¬ 
tion, and survival. Achieving this outcome requires a host response that is both 
effective and controlled. For example, an inadequate immune response can per¬ 
mit excessive microbial proliferation and damage and perhaps result in death, 
whereas an excessive or unregulated host immune response can result in unnec¬ 
essary inflammatory tissue damage, as well as potential disability or death. 

An effective immune response and its appropriate homeostatic regulation 
are both critically important in mediating recovery from infectious challenge. 
However, alterations in sleep during infectious disease may also confer less- 
recognized contributions to recovery. Sleep alterations may reflect both 
immune-enhancing physiologic responses to infection and homeostatic 
immune-regulatory mechanisms. 

Alterations in sleep during infection may in turn have a direct impact on 
the magnitude and efficacy of immune and stress-related responses to infec¬ 
tious challenge. Infectious challenge triggers mutual interactions among host 
defense systems, immune regulatory systems, and perhaps sleep that ideally 
generate a coordinated and optimally recuperative response to the perturba¬ 
tions imposed by infectious disease. 

2. Overview: Stress, Host Defense, and Sleep During 
Infectious Disease 

The immune system is the primary means of generating a host defense 
response to infectious challenge. 

Like the immune system, the hypothalamic-pituitary-adrenal (HPA) r axis 
also becomes activated in response to internal stressors such as a state of 
infectious or inflammatory disease. The HPA system serves the important 
role of modulating the immune response elicited by microbial challenge. 

Although an effective immune response and its appropriate homeostatic 
regulation are both critically important in mediating recovery from infectious 
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challenge, alterations in sleep during infectious disease may also contribute to 
recovery. One likely advantage of increased sleep is reduced energy utilization 
due to inactivity and a lower metabolic rate. 1 - 2 This type of energy conserva¬ 
tion could help the host to maintain metabolic homeostasis despite the gen¬ 
eration of fever during periods of infection-related anorexia. Furthermore, 
because animals typically seek a protected location for sleep, increased som¬ 
nolence may promote survival by causing the animal to remain in a relatively 
safe location during periods of disease-related debilitation. Finally, sleep is 
postulated to promote immune responsiveness and could perhaps in that way 
also help to facilitate recovery. 3 

The precise mechanisms that underlie changes in sleep during infectious 
disease have not yet been elucidated, but likely mediators are components 
of both the immune and the HPA responses. Many of the same substances 
that regulate the immune response also influence sleep in consistent ways. 
For example, pro-inflammatory cytokines, including interleukin 1 (IL1), 
tumor necrosis factor a (TNFa), and interferon a (IFNa), promote both 
immune responsiveness and slow-wave sleep (SWS). 3 In contrast, anti¬ 
inflammatory mediators, including corticotropin releasing hormone 
(CRH), adrenocorticotropic hormone (ACTH), and glucocorticoids (GC), 
tend to limit inflammation and the immune response and also promote 
arousal. 4 5 Alterations in sleep during infection thus reflect and may in turn 
impact the magnitude and efficacy of immune and stress-related responses 
to infectious challenge. 


3. HPA Activation During Infectious Disease 
3.1. Immunomodulation 

Pro-inflammatory cytokines induced during the host response to infectious 
challenge (e.g., IL1, TNFa, interleukin 6) activate the HPA axis. 6 7 This com¬ 
munication between peripheral cytokines and central nervous system (CNS) 
circuitry occurs via a variety of mechanisms: direct activation of peripheral 
sensory nerves, active translocation of cytokines across the blood-brain bar¬ 
rier, diffusion of cytokines into the brain at circumventricular organs, and 
central penetration of immunocytes. 813 Microbial components such as bac¬ 
terial lipopolysaccharide can also signal the CNS from the periphery via 
hepatic mechanisms 14 and by stimulating the production of inflammatory 
cytokines. 15 

Various cells of the CNS, including neurons, cells of the choroid plexus, 
astrocytes, and microglia, can also produce cytokines. 16 ’ 17 The detection of 
mRNA for cytokines such as IL1 in these cell types indicates that they can 
produce these mediators de novo , rather than simply respond to cytokines 
produced elsewhere. 16 IL1, TNFa, and other cytokines, produced in the CNS 
or in the periphery, induce fever and other signs of disease via interactions 
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with cytokine receptors in the hypothalamus and elsewhere in the brain. In 
addition, these cytokines induce so-called “sickness behaviors” that include 
lethargy, decreased social interaction, decreased appetite, and increased 
sleep. 9 ’ 1518 Finally, they also impact the hypothalamus, eliciting the release of 
CRH, and the pituitary, stimulating cells that secrete ACTH. 5 

Just as some neurons and other CNS cells can produce both cytokine 
mediators and neurotransmitters, some peripheral immunocytes can produce 
neurotransmitters, as well as cytokines. 19 By acting on receptors in lymphatic 
or inflamed tissue, immunocyte-derived neurotransmitters can directly influ¬ 
ence transmitter release from peripheral nerves. 15 These neurotransmitters 
also act on the immune cells directly, generally either promoting or attenuat¬ 
ing cytokine-induced effects on immunocyte function. 19 These complex inter¬ 
actions suggest that classification of individual effector substances as 
neurotransmitters or cytokines may, at least in some situations, be a seman¬ 
tic or historical, rather than a functional, distinction. 19 

Macrophages and other immunocytes have also receptors for CRH, 
ACTH, and GC (20). GC are generally anti-inflammatory in nature. 6 For 
example, GC inhibit the production of interleukin-2 and interferon-gamma 
by lymphocytes and the expression of IL1 and TNFa by macrophages. GC 
also inhibit lymphocyte adhesion and T-cell binding to endothelial cells. 20 In 
general, HPA axis activation, via the release of GC, allows the CNS to regu¬ 
late the immune response, reducing the likelihood of severe inflammatory 
damage. 

The sympathetic nervous system also influences the immune response. 
Norepinephrine and epinephrine influence the numbers and distribution of 
leukocytes, typically increasing the numbers of circulating neutrophils and nat¬ 
ural killer (NK) cells, decreasing numbers of circulating T and B lymphocytes, 
and increasing lymphocyte numbers in spleen and lymph nodes. 21 Elevated 
norepinephrine and epinephrine have been associated with increased risk for 
illness. 16 


3.2. Stress 

The CNS reaction to stress also involves activation of the HPA axis and the 
release of GC from the adrenal cortex. Stress has been associated with both 
immune-enhancing and immunosuppressive effects. During acute stress 
(e.g., exercise or escape), the sympathetic nervous system reacts by releas¬ 
ing catecholamines. At the onset of stress, catecholamines mobilize leuko¬ 
cytes, triggering them to enter bloodstream and lymphatic system. Thus, 
epinephrine and norepinephrine increase numbers of neutrophils and NK 
cells in the blood and numbers of T and B lymphocytes in the spleen 
and lymph nodes. Basically, the body responds to an acute stressor as a 
potential antigen and prepares the immune system to respond appro¬ 
priately. 22 As the stress response continues and the HPA axis is activated, 
GC cause leukocytes to leave circulation and enter the skin, lymph nodes, 
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gastrointestinal tract, and other sites in preparation for immune challenges 
potentially associated with the stressor, thereby causing a reduction in cir¬ 
culating numbers of leukocytes. 22 

In contrast to acute stress, chronic stress is generally immunosuppres¬ 
sive. Chronic activation of the HPA axis reduces the numbers of helper 
and cytotoxic T lymphocytes, B lymphocytes, NK cells, and monocytes in 
the blood. Chronic stress is often associated with blunted immune func¬ 
tion. 15 For example, persons undergoing high levels of chronic stress in 
their normal lives have a greater likelihood of developing a cold, 16 or may 
have poor antibody responses to immune challenge. 23,24 In contrast, people 
with a strong social support structure characterized by numerous social 
relationships (e.g., family, friends, work, etc) tend to live longer. 16 
Individual differences in the magnitude of stress-related influences on 
immune function are prevalent, stable across time, and may have clinical 
significance. 25 

Stress and infection induce similar activation of the HPA axis. 26 For exam¬ 
ple, in mice, infection with influenza virus is associated with significant ele¬ 
vations in serum corticosterone levels. 27,28 HPA activation is not dependent 
solely on disease-induced damage, as it occurs even in response to challenges 
with minimal associated pathology. 6,29 


4. HPA Activation During Infectious Disease: 

Implications for Sleep 

4.1. HPA Mediators and Sleep 

The HPA axis is influenced by sleep and also participates in the regulation of 
sleep. 30 " 33 In humans, sleep onset is usually associated with the short-term 
inhibition of cortisol secretion, whereas awakening is associated with a surge 
of secretion. 34 Cortisol secretion during sleep is inversely related to EEG 
slow-wave amplitude, 35 which is an index of the depth of sleep, and during 
waking is temporally coupled to EEG activity, 36,37 which is a measure of cen¬ 
tral alertness. Human subjects who are deprived of sleep lose the modulatory 
impact of sleep-wake transitions on cortisol regulation, which results in a 
reduced amplitude of the cortisol circadian rhythm, higher basal levels dur¬ 
ing quiescent periods, and elevated evening levels. 30,38 

A potential role for endogenous GC in influencing sleep during microbial 
disease, either directly via CNS effects or indirectly via immunosuppressive 
and anti-inflammatory actions, is supported by numerous observations that 
CRH and GC, as well as numerous other endogenous and exogenous 
immune-modulating substances, influence sleep patterns in normal animals. 4 
In healthy rabbits, for example, the administration of an immunosuppressive 
dose of cortisone reduces both the time spent in SWS and delta-wave ampli¬ 
tude during SWS. 39 
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In rabbits undergoing Candida albicans infections, administration of corti¬ 
sone dramatically attenuates infection-related alterations in sleep, allowing 
the rabbits to maintain a fairly normal circadian organization of sleep. 
Consistent with its anti-inflammatory effects, cortisone also alleviates some 
of the clinical signs of disease, such as fever. 39 

Studies in mice also suggest a relationship between HPA responsiveness 
and sleep after infectious challenge. During influenza infection, C57BL/6J 
mice spend more time in SWS, whereas BALB/cByJ mice show fragmenta¬ 
tion of sleep. 40 Data from a variety of models indicate that C57BL/6 mice 
generate a more modest HPA response to stress than do BALB/c mice, which 
show a robust response. 41 ' 44 

Such observations are consistent with the hypothesis that GC may con¬ 
tribute to the suppression of sleep that develops in BALB/c mice after infec¬ 
tious challenge. Because CRH, ACTH, and GC elicit increased arousal, 4 ’ 5 45 
greater adrenal responsiveness in BALB/c mice as compared to C57BL/6 mice 
is consistent with a response of reduced sleep during infection-associated 
stress. 

4.2. Effects of Sleep and Sleep Loss on Host Defense 

Immune challenge can alter sleep in animals and people. Some observations 
even suggest that sleep patterns reflect the progression of the disease 
process, the prognosis, or the clinical outcome. For example, in rabbits inoc¬ 
ulated with E. coli , S. aureus or C. albicans , a prolonged phase of enhanced 
sleep after microbial challenge is associated with a more favorable progno¬ 
sis and less severe clinical signs than is a short period of enhanced sleep that 
is followed by a prolonged reduction in sleep. 4647 Similarly, HIV-infected 
humans who are seropositive but are otherwise healthy demonstrate excess 
Stage 4 sleep, 48 but sleep deteriorates and becomes disrupted as the disease 
progresses. 49 Disturbed sleep is highly prevalent among patients with HIV 
infections. 50 ' 52 Path analysis has indicated that in HIV patients, psycholog¬ 
ical distress precipitates poor sleep that in turn reduces suppressor T cell 
numbers. 53 

Studies of sleep-deprived rodents undergoing antigenic challenge indicate 
that sleep loss may cause functionally significant immune perturbations. For 
example, secondary antibody responses to antigenic challenge are impaired in 
sleep-deprived mice and rats. 54 ’ 55 Sleep loss is also reported to retard both 
viral clearance and the development of a protective antibody response in 
influenza-infected mice, 54 although this result has not been replicated. 56 57 
Rats subjected to chronic sleep deprivation did not show changes in spleno- 
cyte responses to mitogens, but numbers of circulating lymphocytes were 
reduced. 58 

The hypothesis that sleep loss impairs immune competence is most 
strongly supported by the observation that chronic sleep deprivation of rats 
results in intestinal bacterial proliferation, microbial penetration into 
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lymph nodes, septicemia, and eventually death. 59 ' 62 The penetration of bac¬ 
teria into normally sterile tissues during prolonged sleep deprivation 
implies an abnormal host defense and the gradual development of immune 
insufficiency. Thus, sleep loss could render healthy individuals susceptible 
to disease, exacerbate existing disease, or complicate recovery in patient 
populations. Sleep deprivation may also modulate physiologic signs of 
immune or acute phase responses. For example, sleep deprivation exacer¬ 
bates fever induced by inoculation of rabbits with E. coli , 63 administration 
of sheep red blood cells to rats, 64 and intracerebroventricular administra¬ 
tion of saline or immunoglobulins to rats. 65 Sleep deprivation is also 
reported to exacerbate anticoagulant-induced anemia 66 and to retard tumor 
growth in rats. 67 

Sleepiness and sleep quality broadly influence measures of general health 
status, particularly impacting perceptions about energy and fatigue. In addi¬ 
tion, chronic sleep fragmentation, non-restorative sleep, and inadequate sleep 
may have significant adverse immune consequences in human populations. 
Host defense responses such as antibody production or microbial clearance 
may be altered by sleep loss, just as they can be impacted by stress- or illness- 
induced activation of the GC system (e.g., 68 ). Conversely, sleep may promote 
recovery from some types of medical conditions by promoting an internal 
hormonal environment that favors cell proliferation. 69 Sleep disruption can 
be profound in hospitalized patients and nursing home residents. 70 ' 73 For 
example, slow-wave sleep occupies less than 1% of the night during the 5 to 
8 days after open-heart surgery. 74 In humans, chronic stress that is associated 
with sleep loss or experimentally imposed sleep restriction impairs immune 
responses to vaccination against influenza and hepatitis A viruses. 2375 
Greater knowledge about such interactions could have important health 
implications for hospitalized patients and nursing home residents, who com¬ 
monly experience severe disruptions in normal patterns of sleep. 

Some epidemiological studies of human populations support a relation¬ 
ship between insomnia or unusually short nighttime sleep durations and 
decreased life expectancy, 76 ' 79 although other studies do not. 80 ' 83 Associations 
between absent or diminished sleep, reduced EEG amplitude, and imminent 
death also occur in aged mice prior to spontaneous death, 84 in mice with fatal 
experimental rabies infections, 85 ’ 86 and in rats that die subsequent to chronic 
sleep deprivation and septicemia. 59 ’ 6062 The total amount of sleep and the 
EEG amplitude during sleep also gradually decline in rabbits with try¬ 
panosome infections, 87 which are eventually fatal. Sleep deprivation also 
causes death in eye 01 mutant Drosophila melanogaster in association with 
reduced expression of heat-shock genes. 88 

Despite these provocative correlations, the impact of sleep loss on immune 
competence is difficult to assess experimentally. One important concern is 
distinguishing between effects attributable to a lack of sleep per se and those 
associated with non-specific stress. Stress-related immune impairments are 
well documented and impact the response to microbial challenge in humans 
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and animals. 23 89 Experimental models of sleep deprivation in animals gener¬ 
ally attempt to minimize non-specific stress. Some methods of inducing sleep 
loss in animals elicit relatively few of the classical physiological signs of non¬ 
specific stress (e.g., 90 ), whereas others are characterized by increases in mark¬ 
ers traditionally considered to reflect stress (e.g., elevated catecholamines or 
GC) (e.g., 91,92 ). Because humans can voluntarily choose to forego sleep, the 
immunologic impact of sleep loss in humans may be difficult to replicate in 
animals that undergo forced waking. 93 However, the sleep loss or insomnia 
that people endure as a “normal” facet of life is frequently associated with 
stressors or environmental factors that necessitate or otherwise contribute to 
loss of sleep (e.g., examinations, bereavement, shift work, depression). 

The potential association between infection-related release of sleep-modu¬ 
latory cytokines and hormones and alterations in sleep raises an important 
question. Is altered sleep merely a by-product of infectious disease and the 
immune response, or does sleep in some way facilitate recovery from micro¬ 
bial infections? Data that are accruing from both animal and human studies 
suggest that short-term sleep loss may be accompanied by enhancement of 
non-specific host defense mechanisms, whereas chronic or prolonged sleep 
loss may result in immune suppression. 9495 Similar arguments have been 
posed for the relationship between immune function and acute or chronic 
stress, particularly as reflected by elevations in circulating GC levels. 6 96 


5. Conclusions and Perspectives 

In general, a good host defense response to microbial or inflammatory chal¬ 
lenge requires activation of an appropriate immune defense and also influ¬ 
ences patterns of sleep. These sleep changes are likely to be mediated by the 
same mechanisms that influence sleep in healthy animals. Appropriate tran¬ 
sitions between sleep and arousal during infectious disease may behaviorally 
facilitate recuperation and survival, and the processes of sleep and host 
defense may be mutually reinforcing. The nature of these relationships is a 
major unanswered question about the role of sleep in human health. Over the 
long term, identifying factors that influence these relationships will help us to 
delineate the mechanisms that cause fatigue, excessive sleepiness, or non¬ 
restorative or poor sleep during acute and chronic disease, and perhaps even 
under normal conditions. Identifying those mechanisms might contribute to 
the eventual development of interventions that can control or prevent these 
debilitating problems. 
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of Restless Legs Syndrome 


Thomas C. Wetter and Stephany Fulda 

1. Introduction 

Restless legs syndrome (RLS) is a common but often underdiagnosed sen¬ 
sorimotor disorder of sleep/wake motor regulation with prevalence rates 
estimated from population surveys between 1 and 10%, increasing with 
age. 1 RLS is characterized by an imperative desire to move the extremities 
associated with paraesthesias, motor restlessness, worsening of symptoms 
at rest and in the evening or at night and, as a consequence, sleep distur¬ 
bances. Additionally, most patients with RLS have periodic limb move¬ 
ments (PLM) during sleep and relaxed wakefulness, which can be assessed 
by recording a surface electromyogram (EMG) of both tibialis anterior 
muscles in addition to standard polysomnographic parameters. 2 When 
PLM occur as an isolated cause of insomnia or daytime sleepiness without 
symptoms of RLS, the condition is termed “periodic limb movement dis¬ 
order” (PLMD). 

Two forms with almost identical clinical features are distinguished, i.e. 
idiopathic and symptomatic RLS. A positive family history is often reported 
in the idiopathic form and large pedigrees with familial RLS suggest that the 
disorder follows a pattern of autosomal dominant inheritance with a high 
degree of penetrance. 3 

Apart from the idiopathic form, RLS can be secondary to other disorders 
or conditions. The main causes include end stage renal disease, iron defi¬ 
ciency and pregnancy. There have been reports of an association with a vari¬ 
ety of disorders such as diabetes mellitus, hypothyroidism, rheumatoid 
arthritis, amyloidosis, and folic acid deficiency. 4 Drug-induced forms of 
RLS have occured after treatment with neuroleptics, selective serotonin 
reuptake inhibitors (SSRI), tricyclic antidepressants, mirtazapine, mianserin 
and lithium. 

Today, most authors agree that RLS has its origin in the central nervous 
system, however, complex interactions between central and peripheral struc¬ 
tures may contribute to the disorder. Based on the knowledge of the efficacy 
of dopaminergic and opioidergic drugs and the provocation or exacerbation 
of RLS symptoms following treatment with dopamine receptor block¬ 
ing agents, 5 there is evidence of the involvement of the dopaminergic and 
opioid system in the pathogenesis of RLS. Recent PET and SPECT studies 
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revealed some controversial results of the nigrostriatal dopaminergic neuro¬ 
transmission probably reflecting a dysfunction of the central dopaminergic 
system. 6 

The etiology, however, remains unclear, despite what is known about the 
conditions that may induce the syndrome. 4 Although there is some evidence 
that hormones may play a role in the pathophysiology of the disorder, neu¬ 
roendocrine studies in RLS patients are limited. In the following sections we 
review the relevant studies, including those primarily focussing on the 
involvement of neurotransmitters or neuropeptides. 


2. Methodological Considerations and Research 
Strategies 

Research concerning neuroendocrine correlates in RLS can be roughly clas¬ 
sified into two categories. 

First, there are some studies which transform the clinically characteristic 
features of RLS into a neuroendocrine hypothesis (see Table 1). A common 
feature of these studies is the small number of participants, which makes 
non-significant results hard to interpret. Within this approach there are some 
studies which do not test a neuroendocrine hypothesis explicitely but are of a 
more explorative, descriptive nature. 

Secondly, indirect evidence can be found in large-scaled or epidemiologic 
studies that describe associations with comorbid disorders in RLS patients or 
explore the prevalence of these disorders in specific populations such as 
patients with diabetes mellitus. Most of these studies include more than a 
hundred subjects, which makes a detailed assessment of RLS symptoms 
often unfeasible. Due to the large sample sizes one has to keep in mind that 
very small effects will be statistically significant. Therefore, the results have to 
be interpreted cautiously. 

This makes it noticeable that the studies are very heterogeneous. A com¬ 
mon feature, however, is the fact that neuroendocrine measures were not the 
primary target parameter of the study but were taken as a marker for other 
physiological systems such as the dopaminergic neurotransmission. This 
made it quite difficult to group the available studies into meaningful cate¬ 
gories without too much overlap between them. 


3. Neuroendocrine Studies in Patients with RLS 
3.1. Prolactin, Growth Hormone and Cortisol 

Dopamine is the major inhibitory factor for prolactin release 7 and also influ¬ 
ences human growth hormone secretion. 8 Measurements of both parameters 
under normal conditions or in response to pharmacological challenges have 
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Table 1. Delineation of hypothesis and neuroendocrine measurements from clinical 
findings in RLS. 


Clinical finding 

Specific hypothesis 

Operationalization 

Response to L-dopa 

Alterations in dopamine 

Measurement of CSF 


synthesis 

metabolites of dopamine 
synthesis HVA, neopterin, 

BH4 1516 


Primary altered dopaminergic 

Challenge with dopamine 


tone 

antagonist and response 
of prolactin, growth 
hormone 9 


Hypothalamus-pituitary axis 

24-hour profile of prolactin and 


influenced by alterations in 

growth hormone as indirect 


extrastriatal dopaminergic 
systems 

markers of dopamine system 12 


Circadian changes in 

Challenge with L-dopa at different 


dopaminergic function 

times of the day and response 
of growth hormone and 
prolactin 13 


Increased amplitude of 

Effect of dopaminergic medication 


circadian variation of 
dopaminergic function 

on melatonin secretion 22 

Response to opioid 

Primary altered opiodergic 

Challenge with opioid antagonist 

agents 

tone 

naloxone and response of 
prolactin, growth hormone 9 

Circadian variation 

Abnormalities of circadian 
system 

24-hour profile of cortisol 12 

Daytime and nightime cumulative 
excretion of aMLT 20 

24-hour profile of salivary 
melatonin in a constant routine 
procedure 21 


Decreased output amplitude 
of the circadian system 

Treatment with melatonin 19 

Worsening with SSRI 

Involvement of serotonin 

Measurement of CSF serotonin 
metabolites 15 ’ 16 

Other: 

Hypocretin 

Alterations in hypocretin 

Measurement of CSF hypocretin-1 


levels 

levels 33 ' 35 

Secondary forms 
of RLS : 

Pregnancy 

Increased levels of estrogens, 

Measurement of oestradiol, 


progesterone and prolactin 

progesterone and prolactin 


may provoke RLS 

during pregnancy 47 

Diabetes mellitus 

Diabetes-associated 

Prevalence of diabetes mellitus 


polyneuropathy as a 
peripheral trigger of RLS 

in patients with RLS 24 ’ 28 ’ 29 ’ 40 ’ 49 

Prevalence of RLS in patients 
with diabetes mellitus 52 ’ 54 55 
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been taken as indirect tests to measure the activity of the dopaminergic and 
opiodergic system. 

Winkelmann and coworkers 9 measured plasma levels of adrenocorti¬ 
cotropic hormone (ACTH), cortisol, prolactin, and growth hormone in eight 
subjects with RLS after administration of placebo, naloxone, and metoclo- 
pramide at 14:00 in a randomized cross-over design. 

Prior studies have shown that administration of the opioid antagonist 
naloxone increased plasma concentrations of ACTH, cortisol, and growth 
hormone 10 and that the dopamine antagonist metoclopramide increased pro¬ 
lactin and growth hormone concentrations in normal subjects. 11 Winkelmann 
et al. 9 have found a similar pattern in RLS patients and concluded that the 
endogenous opiodergic or the dopaminergic system in general was not mod¬ 
ified in RLS patients. 

Wetter et al. 12 have explored the time course of prolactin, growth hormone, 
and cortisol in ten drug-naive RLS patients and eight matched controls in a 25- 
hour bedrest procedure where sleep was recorded overnight between 23:00 and 
07:00. Blood samples were drawn every 20 minutes. No differences in overall 
plasma levels, frequency or amplitude of the pulses of the respective hormones 
between patients and controls were found. This finding caused the authors to 
infer that a possible alteration of the dopaminergic system in RLS does not 
affect the release of prolactin and growth hormone from the pituitary gland. 

Garcia-Borreguero and coworkers 13 have explored hormone levels in 
response to administration of L-dopa in twelve RLS patients and twelve 
matched controls. In a bedrest condition they administered 200 mg L-dopa at 
11:00 in the morning and at 23:00 at night in a randomized order and one 
week apart. Blood samples were drawn five and 20 minutes before adminis¬ 
tration and every 15 minutes after L-dopa administration for two hours. 
Interestingly, there was no difference in prolactin, growth hormone or corti¬ 
sol response to L-dopa after daytime administration, but in the night growth 
hormone levels were increased and prolactin was decreased after L-dopa 
intake in RLS patients when compared to controls. This finding might sug¬ 
gest an enhanced circadian variation in dopaminergic function with an 
increased sensitivity of dopamine receptors at night rather than an overall 
altered dopaminergic tone. 

3.2. Dopamine and Biopterin Metabolites 

The hypothesis of a decreased dopaminergic activity in RLS has lead to stud¬ 
ies measuring factors involved in the synthesis of dopamine. 

As early as 1985 high levels of dopamine and homovanillic acid (HVA) in 
the cerebrospinal fluid (CSF), but not serum, have been reported in a single 
patient with severe, familial RLS. 14 

Earley and coworkers 15 have measured HVA, biopterin (BH4), and 
neopterin in CSF taken in a lumbar punctuation in the morning in 16 patients 
with RLS and two weeks off medication. All values were compared to those of 
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14 control subjects whose values were provided by the laboratory with only 
information about gender and age available. Due to differences in age between 
RLS patients and control subjects, several analyses with subgroups matched for 
age were performed. When comparing both groups there was an increase in 
neopterin in RLS patients, whereas when comparing an age-matched subsam¬ 
ple of eleven RLS patients and ten controls, RLS patients showed decreased 
5-hydroxyindoleacetic acid (5-HIAA) levels (see 3.4). Finally, Earley et al. 15 
computed an age-adjusted regression; here only increased BH4 concentrations 
were apparent in RLS patients. The finding that all three analyses yielded dif¬ 
ferent non-overlapping results makes this study difficult to interpret. 

None of the findings from the study of Earley et al. 15 have been confirmed 
in a subsequent study by Stiasny-Kolster and coworkers 16 who measured the 
same and additional CSF metabolites by means of an evening lumbar punc¬ 
ture in 22 RLS patients and eleven control subjects. They found no difference 
between patients and controls for HVA, other dopaminergic metabolites 
(3-ortho-methyl-dopa, L-dopa), pterin metabolites (BH4, BH2, neopterin), or 
5-methyltetrahydrofolate, a key metabolite in cytosolic methyl group transfer. 

Due to the low number of studies and their conflicting results no attempt 
is made to draw any conclusions. 

3.3. Melatonin 

A typical feature of RLS is an increase of symptoms in the evening or at 
night. 2 Although the presence of a circadian variation of symptoms could be 
biased by the fact that RLS symptoms become apparent during inactivity, 
which typically occurs in the evening and night, at least two studies have 
shown a “true” circadian variation of symptoms. 1718 

In 2001 Kunz and Bes 19 applied melatonin daily for six weeks to nine 
patients with PLMD (without RLS) and found a significant reduction of 
PLM. However, the study was uncontrolled and open-labeled, therefore the 
results have to be interpreted cautiously. 

Tribl and coworkers 20 have collected daytime (07:00-22:00) and nighttime 
(22:00-07:00) urinary 6-OH-melatonin-sulfate (aMLT) excretion in 15 
untreated patients with RLS and eleven control subjects and found no differ¬ 
ence in daytime or night-time urinary aMLT excretion. They concluded that 
cumulative melatonin production is not reduced in RLS. 

A more detailed analysis of the time course of melatonin in RLS subjects 
was conducted by Michaud et al. 21 They compared hourly collected salivary 
melatonin levels in seven RLS patients and matched controls in a 28-hour 
modified constant routine procedure. There was a significantly shorter dura¬ 
tion of melatonin secretion (time from dim light melatonin onset (DLMO) 
and melatonin synthesis offset) in RLS patients, a trend for earlier melatonin 
synthesis offset, and a shorter duration of the melatonin episode (time from 
DLMO to melatonin secretion offset). Michaud et al. 21 also found a strong 
cross-correlation between symptoms of RLS and melatonin levels with 
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changes in melatonin concentrations preceding the increase in leg discomfort 
by two hours. 

Garcia-Borreguero and coworkers 22 have measured salivary melatonin 
hourly from 17:00 to 03:00 under dim light conditions in eight patients with 
previously untreated RLS before and after treatment with L-dopa for an 
average of 21 days. DLMO was significantly earlier at the end of the treat¬ 
ment; this was mainly due to DLMO advances occurring in the four patients 
who showed signs of augmentation. 

Taken together, these studies suggest a role of melatonin in RLS. To date 
it has been unclear if melatonin is merely a marker of an altered circadian 
system in RLS patients or more directly involved in the pathophysiology of 
RLS, possibly by exerting an inhibitory effect on dopamine secretion as has 
been shown for some areas of the mammalian central nervous system. 23 

3.4. Serotonin 

It is well documented that SSRIs can provoke or aggravate symptoms of 
RLS. 24 The role of serotonin has been explored in the same few studies that 
investigated dopamine metabolites (see 3.2). 

Long before studies measured parameters of the serotonin metabolism in 
1987, Guilleminault and coworkers 25 reported that treatment with 500 mg 
5-hydroxytryptophane (five patients) or with L-tryptophane (six patients) 
had no effect on the number of PLM or PLM-associated arousals in patients 
with PLMD without restless legs symptoms. 

Earley et al. 15 have determined 5-HIAA levels, the major urinary metabo¬ 
lite of serotonin, in CSF taken in the morning. In a comparison between an 
age-matched subsample of eleven RLS patients and ten control subjects, RLS 
patients showed decreased 5-HIAA levels. This difference, however, was not 
apparent when comparing all 16 RLS patients to 14 control subjects, or in an 
age-adjusted regression analysis. 

Stiasny-Kolster et al. 16 have not found any differences in the serotonin 
metabolites 5-HIAA and 5-hydroxytryptophan between 22 RLS patients and 
eleven control subjects in an evening CSF sample. 

Given the low number of studies and diversity of their findings, it seems 
premature to draw any conclusions regarding the role of serotonin in RLS. 

3.5. Thyroid and Parathyroid Hormones 

A close temporal association between recurring hypothyroidism and the 
occurence of restless legs was described in a single patient in 198 5. 26 In 1996 
another case report linked RLS to pharmacologically induced hypothy¬ 
roidism, which resolved with treatment of the thyroid disorder. 27 

Rothdach et al. 28 have found no difference in the use of thyroid medica¬ 
tion between RLS positive elderly subjects and those without restless legs 
symptoms. On the other hand, Banno and coworkers 29 have reported a 


Neuroendocrine Correlates of Restless Legs Syndrome 505 


higher incidence of acquired hypothyroidism in females but not males suf¬ 
fering from RLS when compared to matched controls. More recently, Tan 
and coworkers 30 have specifically explored the prevalence of RLS in patients 
with thyroid disorders and found no difference in prevalence rates compared 
with a control sample. 

In uremic patients with RLS, Collado-Seidel and coworkers 31 have found 
reduced levels of intact parathyroid hormone as compared to uremic patients 
without RLS. This finding has not been replicated by Goffredo Filho et al. 32 
who observed intact parthyroid hormone levels comparable for dialysis 
patients with and without RLS. 

So far, the available evidence in humans has not suggested a major role of 
thyroid and parathyroid hormones in RLS. 

3.6. Orexin/Hypocretin 

Hypocretins are neuropeptides involved in the pathophysiology of nar¬ 
colepsy. 33 Hypocretins increase EEG arousal and locomotor activity and 
interact with the dopamine system, 33 important aspects of RLS. 

To date, three studies 34 ' 36 have measured hypocretin in patients with RLS. 
Allen et al. 34 have found increased evening CSF hypocretin-1 levels in 16 RLS 
patients as compared to eight control subjects. A subsequent subgroup analy¬ 
sis showed that this overall increase was due to patients with early onset of 
RLS who had significantly higher levels of hypocretin-1 whereas late onset 
RLS subjects did not differ from controls. This finding, however, has not 
been replicated neither by Mignot and coworkers 35 who have found normal 
daytime hypocretin levels in ten RLS patients, nor by Stiasny et al. 36 who have 
measured CSF hypocretin-1 levels at 18:00 in 13 RLS patients and nine con¬ 
trols. In the latter study, 36 no difference between early and late onset RLS 
patients was apparent. 

Taken together, further studies are needed to clarify the role of hypocretins 
in the pathophysiology of RLS. 

3.7. Steroid Hormones!Estrogen, Progesterone 

Some 24 27 ’ 28 ’ 37 ’ 38 but not all 39 40 epidemiological studies have shown a higher 
prevalence of RLS in women than in men. The prevalence increases with age 
and elderly women seem to be particularly affected, 41 which points to the 
postmenopausal hormonal status as a possible cause. On the other hand, 
there is a markedly high incidence of RLS during pregnancy. 42 

3.7.1. RLS in Pregnancy 

There is repeated and solid evidence that pregnant women have a markedly 
higher risk for RLS, and that those women with pre-existing RLS experience 
a worsening of RLS symptoms. 42 
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Ekbom 39 and later his son 43 have favoured a hormonal hypothesis regard¬ 
ing the incidence of RLS in pregnancy. During pregnancy plasma levels of 
estrogen, progesterone and prolactin increase and then decrease after deliv¬ 
ery. 44 This corresponds well with the increase in RLS symptoms during preg¬ 
nancy and the distinct relief from RLS symptoms after delivery. 

However, iron and folate requirements during pregnancy are very much 
increased and both may play a role in the etiology of RLS. 45 Interestingly, a 
recent study 46 that followed pregnant women with and without RLS from the 
35 th week of gestation to approximately 12 weeks postpartum has found 
markedly elevated oestradiol levels in pregnant women with RLS during late 
term pregnancy but not after delivery. Iron, ferritin and magnesium did not 
differ between subjects with and without RLS during pregnancy. 

3.7.2. RLS and Hormone Replacement Therapy (HRT) 

Given that estrogen, progesterone and prolactin have been implicated in the 
pathogenesis of RLS during pregnancy, hormone replacement therapy 
(HRT) would be expected to worsen RLS symptomatology. 

Although Rothdach et al. 28 have reported that more elderly women with 
RLS took estrogens than women without RLS, this difference was not statis¬ 
tically significant. Polo-Kantola and coworkers 47 have examined the inci¬ 
dence of PLM during estrogen replacement therapy for up to seven months. 
They have found no effect of HRT on PLM and PLM-associated arousals. 
Corrobating this finding, Saletu-Zyhlarz et al. 48 have reported no effect of 
estrogen or an estrogen-progesteron combination on PLM. 

Female hormones are candidate measures to explain prevalence differences 
between men and women and the high incidence of RLS during pregnancy. 
The available evidence, however, is sparse and only tentatively identifies estro¬ 
gens as a possible parameter. It seems likely that only very high levels of steroid 
hormones, as they are found in pregnancy, may play a role in RLS. 

3.8. Insulin 

3.8.1. Prevalence of Diabetes Mellitus in RLS 

Several large-scale epidemiological studies have assessed the prevalence of 
RLS and relevant comorbidites. 24,28 ’ 29 ’ 40 ’ 49 Although sample sizes ranged from 
200 29 to nearly 20,000, 24 only the three largest studies with 1506, 49 1803 40 and 
18980 24 persons found a higher prevalence of diabetes in subjects with 
RLS, 24 40 RLS symptoms 49 or PLMD 24 . A low prevalence of RLS was a prob¬ 
lem in some 28 29 but not all of the other studies. 29 

Four studies 31 ’ 32,50,51 have assessed comorbidities in patients with end-stage 
renal disease undergoing dialysis. None of the studies have found a higher 
prevalence in patients with renal disease and RLS in comparison to those 
without RLS concerning diabetes mellitus, 3132 diabetes as a primary diagno¬ 
sis 50 or use of antidiabetic medication. 51 
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Finally, Machtey and Weitz 52 have compared 80 patients with rheumatism 
and RLS with 150 control subjects with rheumatism but without RLS and 
found that 23% of RLS subjects but only 4.7% of control patients had known 
diabetes. A closer investigation in a subsample of 58 RLS subjects revealed 
that 13 patients had a known diabetes mellitus. An oral glucose tolerance test 
(OGTT) identified a further five patients with diabetes mellitus and another 
23 subjects had an abnormal OGTT result. 

From these studies it can be concluded that diabetes mellitus seems to be 
unrelated to secondary, uremic RLS. In subjects with idiopathic forms, a 
higher prevalence of diabetes mellitus has been reliably shown in very large 
studies. However, the effect size is likely very small so that diabetes mellitus 
may play a role in only a minority of patients with RLS. 


3.8.2. Prevalence of RLS in Patients with Diabetes Mellitus 

Studies exploring the prevalence of RLS in patients with diabetes have 
yielded mixed results. 

Banerji and Hurwitz 53 have assessed the prevalence of RLS in 53 patients 
with diabetes mellitus and 50 control subjects with a standardized clinical 
interview. They have found that 17% of patients with diabetes but only 2% of 
control subjects had RLS, a significantly higher number. In a similar study, 
Skomro et al. 54 have compared 58 consecutive type 2 diabetic patients to 48 
matched non-diabetic control patients. Although twice as many patients with 
diabetes (24%) had RLS compared to 12.5% in control patients, this differ¬ 
ence was not statistically significant. 

Two larger-scaled studies have reported more converging evidence. Oboler 
et al. 55 have investigated RLS symptoms in 515 outpatients. In that sample 
patients with diabetes mellitus had no increased incidence of restless legs 
symptoms (odds ratio 1.11). However, the incidence of RLS was assessed 
with a single questionnaire item. O’Hare and coworkers 56 have determined 
prevalence of RLS in 800 consecutive patients with diabetes mellitus in com¬ 
parison to 100 non-diabetic controls. The prevalence of RLS did not differ 
between diabetic patients (8.8%) and controls (7%), but type 2 diabetic 
patients had a significantly higher prevalence of RLS (10.8%) than type I dia¬ 
betic patients (6%). 

Taken together, these studies suggest that patients with diabetes mellitus 
may only have a slightly increased risk for RLS. 


4. Concluding Remarks 

Reviewing the studies pertaining to neuroendocrine correlates in RLS, some 
features are evident. On the one hand, studies are very diverse ranging from 
well designed large-scale epidemiological studies to small uncontrolled case 
series. On the other hand, only a small number of studies were designed to 
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assess neuroendocrine mechanisms per se in patients with RLS. For example, 
some studies used neuroendocrine measures primarily to unmask a presumed 
dopaminergic dysfunction. So far, it has remained unclear whether or not 
neuroendocrine changes are causative or secondary phenomena. Nevertheless, 
many of the studies have been published only recently and reflect a growing 
interest in this question. 

Summarizing the overview, the present studies have revealed some contro¬ 
versial results and do not suggest that there are consistent differences in 
neuroendocrine measures between RLS patients and appropriate controls. 
Furthermore, for most neuroendocrine parameters there is substantial inter¬ 
individual and intraindividual variability. Thus, it will be more favourable to 
utilize ‘within’ rather than ‘between subjects’ designs with repeated measure¬ 
ments where possible to increase sample sizes and include well-defined and 
homogenous groups of subjects. There is also some suggestion that neuroen¬ 
docrine measures may only differ at a specific time of the day, e.g. in the 
evening or at night. However, what constitutes this specific time of day may 
vary from patient to patient so that in a repeated measures design overall 
group differences will be unspecific and small. Here, more detailed analyses 
and comparisons of individual time courses might be promising. Given that 
some evidence has accumulated so far, further research into neuroendocrine 
correlates of RLS is needed but also seems a promising avenue of research. 
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Neuroendocrine and Neuroimmune 
Correlates of Narcolepsy 


Michele L. Okun and Mary Coussons-Read 

1. Introduction 

The term “narcolepsy” originated in 1880 when it was first described as a 
pathological condition characterized by irresistible episodes of sleep of short 
duration. 1 In the 1930s, Daniels (as cited in Guilleminault) 1 introduced the 
clinical “tetrad” known today as cataplexy, sleep paralysis (SP), and hypna¬ 
gogic hallucinations (HH) that are included in the clinical definition of nar¬ 
colepsy. Cataplexy is a sudden loss of muscle tone, typically elicited by strong 
emotion: laughter, joking or anger. The muscles involved may be inconse¬ 
quential, such as a fluttering of the cheeks, or functionally significant, as in 
the case of whole body muscle atonia resulting in complete body collapse. 
Sleep paralysis is the inability to move either upon falling asleep or upon 
awakening. Typically narcoleptics are frightened by this experience of not 
being able to move their limbs or to speak. Frequently, sleep paralysis is 
accompanied by hypnagogic hallucinations, which often serve to intensify 
and prolong the paralysis. Hypnagogic hallucinations are visual and/or audi¬ 
tory experiences occurring most often at sleep onset. These are thought to be 
a cause of immediate entry into REM sleep. Commonly, narcoleptics report 
these hallucinations as negative or frightening in nature, although the reason 
for the unpleasant content is unknown. These symptoms are often referred 
to as REM intrusion behaviors due to another clinical feature of narcolepsy: 
the rapid onset to REM sleep. Narcoleptics show a subsequent bypass of the 
initial stages of sleep on polysomnography tests by entering abnormally 
quickly into REM sleep. Where most adults enter the first REM sleep period 
after about 90 minutes of sleep, most narcoleptics enter REM sleep within 
20 minutes. 1 Diagnosis of narcolepsy is concluded by a positive outcome on 
the Multiple Sleep Latency Test (MSLT). This test measures the propensity 
to sleep and is comprised of 4-5 20-minute naps scheduled every 2-hours 
beginning in the morning hours following a full night of PSG. If the subject 
falls asleep and enters REM sleep within 15 minutes, a sleep onset REM 
period (SOREM) is noted. A patient must have at least 2 SOREMs to have a 
positive MSLT. 
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2. Epidemiology of Narcolepsy 

Narcolepsy occurs more often in the general population than most would 
anticipate. Studies of prevalence rates have been conducted on a variety of 
populations and have yielded variable results. In the early 1970s, William 
Dement and colleagues assessed prevalence rates in the San Francisco Bay and 
the Los Angeles areas where rates were calculated at 0.05 per cent and 0.067 
per cent respectively. 2 3 Since then the prevalence in other populations has 
been studied, including the Israelis, 4 the Finnish, 5 6 various ethnic groups in 
the US, 7 8 the British, Germans, Italians, Portuguese, and Spanish, 9 the 
Koreans, 10 and the Chinese. 11 The prevalence rates reported for these studies 
differ dramatically. The reason lies in not only the methodology used to deter¬ 
mine what constitutes narcolepsy, but possibly in a genetic predisposition that 
may vary by population and/or ethnic group. The Israeli study, 4 for instance, 
indicates that the prevalence for narcolepsy in Israel is quite low. An extensive 
assessment of over 1526 patients with EDS over a 9-year period indicates a 
prevalence rate of about 0.002 per 1000 people. On the other hand, epidemio¬ 
logical studies in Hong Kong conducted via structured phone interviews in the 
general population have determined the prevalence rate to be about .34 per 
1000 people. 11 In Europe, the prevalence rate for five different countries was 
.47 per 1000 people; 9 in a small county in Minnesota, the prevalence rate was 
0.01 per 1000 people. 8 The European study used the Sleep-EVAL expert sys¬ 
tem to interview people in the general population by telephone, while the 
Minnesota study looked at medical records for patients who had one of seven 
H-ICDA diagnostic codes. Because of these diverse data collection methods, 
it is difficult to establish an accurate prevalence rate for narcolepsy. Although 
no clear prevalence rates have been established for the US, it is thought that 
approximately 1 out of every 2000 people have or will develop narcolepsy. 12 
While this number is larger than most would contemplate, only about 15-30% 
of narcoleptic individuals are ever diagnosed or treated. 13 Hence, narcolepsy 
is not a rare disease and can be quite debilitating. 


3. Genetic Association 

Several pivotal studies over the past two decades have advanced the notion 
that narcolepsy has a genetic foundation. 121416 Initially, the major histocom¬ 
patibility antigen complex DR2 was thought to be the culprit in the develop¬ 
ment of narcolepsy because Honda et al., reported that 100% of the Japanese 
narcoleptic patients studied were DR2+. 14 Further investigations confirmed 
this fact in Caucasian populations, including those in the United States; 1217 
however, advancing scientific techniques were able to delve deeper into the 
genome revealing many alleles and subtypes of each allele. 12 The genetic fac¬ 
tor strongly associated with narcolepsy has been found in the human leuko¬ 
cyte antigen (HLA) class II region. 18 ' 20 The haplotype most frequently 
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associated with narcolepsy is DRB1*1501-DQB 1*0602. Several reports have 
shown a 90-95% frequency rate for this haplotype for patients with clear-cut 
narcolepsy, while there is a 25% occurrence rate in the general population. 7 21 ' 23 
Despite the strong association, no mutations in the haplotype have been 
revealed that would indicate a causative relationship. 

Until a few years ago, no other susceptibility genes had been identified 
besides DRB1*1501-DQB 1*0602. Researchers are currently considering 
tumor necrosis factor (TNF)-alpha genes as a possible factor in the devel¬ 
opment of narcolepsy. TNF-a is a cytokine with varied functions, e.g. acti¬ 
vation of macrophages, apoptosis, and sleep promotion. 18 ' 20 An association 
has been identified between the promoter variants of the TNF-a gene and 
autoimmune and infectious diseases, such as cerebral malaria. 18 ' 20 In addi¬ 
tion studies have shown high levels of TNF-a in narcoleptics versus con¬ 
trols; 24 ' 26 Hohjoh et al. 20 have been investigating the possibility that TNF-a 
is involved in the pathophysiology of human narcolepsy. Comparing 
Japanese narcoleptic (47) and control (111) subjects on HLA type and TNF- 
a gene frequency, the researchers concluded that there was a significant dif¬ 
ference in the frequency of a specific TNF-a allele at position -857 and it 
could be another susceptibility gene for narcolepsy. A follow-up study by the 
same group assessed members of four Japanese narcoleptic families to deter¬ 
mine the haplotypes of HLA and TNF-a (-857T). Results indicated that 
this haplotype DRBl*1501-TNF-a(-857T) is quite common in family mem¬ 
bers of narcoleptic patients and is quite rare in the general Japanese popu¬ 
lation. 19 Thus, this particular haplotype may lead to a strong predisposition 
to develop narcolepsy. 


4. Autoimmune Hypothesis 

A genetic predisposition is involved in autoimmune disease, specifically with 
particular HLA types, principally HLA class II antigens. 1215 ’ 22 ’ 23 ’ 27 ' 29 Most 
autoimmune diseases have onset in late adolescence, a non-progressive evolu¬ 
tion with exacerbations and remissions, and a complex genetic susceptibil¬ 
ity. 12 ’ 27 ’ 28 A low concordance rate in monozygotic twins hints at the 
involvement of environmental factors in the development of narcolepsy. 27 30 
Narcolepsy has been described as a potential autoimmune disease as it meets 
these criteria. 12 The data regarding the association of the DQB 1*0602- 
DRB1*1501 haplotype and the more recent discovery of absent or abnormally 
low levels of the neuropeptide hypocretin 3132 with narcolepsy is very tight and 
supports the idea that narcolepsy may have an autoimmune origin that has yet 
to be revealed. Additional information that bolsters the autoimmune hypoth¬ 
esis stems from the analysis of patterns of birth data. In various diseases, such 
as multiple sclerosis 33 and schizophrenia, 34 a strong association with month of 
birth has been established. For narcoleptic patients, a significant excess of 
people were born in March compared to the general population. 30 
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Although these correlative data are not completely convincing because they 
do not provide clear causal factors for this disorder, some researchers contend 
that scientific techniques are too immature to be able to detect the autoim¬ 
mune nature of diseases such as narcolepsy. If the autoimmune process 
involved in narcolepsy occurs inside the central nervous system, it would be 
extremely difficult to identify disease onset. Imaging techniques are not sensi¬ 
tive enough to identify the inflammatory response in the hypothalamus, 
which is where the hypocretin neurons are found. 27 Additionally, inflamma¬ 
tion will not occur with disease onset and it may be plausible that the hypocre¬ 
tin neurons are an “innocent bystander” in the process and not the intended 
target. 27 Hence, although no definitive data exist to indicate that narcolepsy is 
an autoimmune disease, there is much evidence that suggests it is. 


5. Immune Relationship 

Related to the possibility that narcolepsy may have an autoimmune compo¬ 
nent is recent work addressing a possible role of cytokines in the regulation 
of sleep and sleep disorders. Several inflammatory cytokines, including TNF- 
oc and IL-1, have been shown to play a role in the regulation of sleep, 35-37 
while IL-6 has been shown to augment fatigue and sleepiness. 38 Recently 
these cytokines have been implicated in the development and continuation of 
several sleep disorders including narcolepsy. 25 ’ 39 40 

5 . 7 . IL-1 

IL-l is a cytokine of particular interest when discussing sleep and immunity 
because it is deeply involved in both the regulation of the immune system and 
in physiological sleep. 4142 In the historic search for a sleep-promoting sub¬ 
stance, IL-1 turned out to be the frontrunner for this title. It was shown that 
muramyl peptides induced production of lymphocyte-activating factor, also 
referred to as endogenous pyrogen, and now called interleukin 1 (IL-1). 35 At 
that point in time, the process of sleep was thought to be a function solely of 
the brain 35 and up until now, IL-I was presumed to be solely an immune sub¬ 
stance. Years later, IL-1 was shown by Fontana et al. 43 to be a product of 
astrocytes; hence IL-1 was a brain product as well as an immune product. 35 
Thus the current hypothesis is that IL-1 operates both within the CNS and 
the periphery, creating an interrelationship between the immune and 
endocrine systems and the sleep-wake cycle. 37 Although the complete func¬ 
tion of IL-1 is still under investigation, the role it plays in sleep and sleep inhi¬ 
bition has initiated great interest in this cytokine. 

Since this discovery, a plethora of research exploring the possibility that 
various cytokines may be sleep-promoting as well as sleep-inhibiting has 
occurred. Returning to the Moldofsky et al. work, 37 IL-l-like activity showed 
peaks at midday (l-3pm) and during the nighttime hours (11-midnight), 
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which the authors maintain correspond to subjective times of sleepiness. In a 
study designed to evaluate the role of B-endorphins and IL-1 (3 during sleep, 
Covelli et al. 44 discovered significant differences in IL-lp production in sub¬ 
jects who slept and those who could not. The two subjects who were unable 
to fall asleep had no IL-1 (3 secretion during the study. Hence, the authors 
conclude that normal sleep is associated with nocturnal rises in IL-lp, while 
disturbed sleep inversely affects IL-lp secretion. 41 Corroborating data fol¬ 
lowed shortly, showing that IL-lp incubated in the presence of endotoxin was 
at a maximum around the time of sleep onset and in the first few hours of 
sleep, with a decline as the sleep cycle progressed. 42 There is also evidence of 
sleep-inhibiting cytokines. Anti-inflammatory cytokines that inhibit produc¬ 
tion of IL-1, such as IL-4, IL-10 and IL-13, inhibit spontaneous sleep. 45 

5 . 2 . TNF-a 

TNF-a, like IL-1, is a sleep regulatory substance 46 and evidence suggests that 
it is involved in NREMS (non-rapid eye movement sleep) regulation. It is 
produced by astrocytes, monocytes, and macrophages and is involved in most 
inflammatory processes, such as rheumatoid arthritis. 35 When central or sys¬ 
temic administration of exogenous TNF-a is given to rabbits or rodents, time 
spent in NREMS is increased. 47 Subsequently, serum levels of TNF-a have 
been shown to vary with the sleep-wake cycle. The data for TNF-a stem pri¬ 
marily from sleep deprivation studies. Increased levels of TNF-a are pro¬ 
duced by circulating monocytes during sleep deprivation, but not when a 
person experiences other stressors 47 

5.3. IL-6 

IL-6 is a multifunctional cytokine secreted by macrophages in response to 
infectious challenge. It is involved in the regulation of the acute phase 
response, which produces fatigue and sleepiness. 48 Many of the biological 
responses initiated by IL-1 and TNF are mediated by IL-6. 49 There is a cir¬ 
cadian rhythm to IL-6 indicated by low values during the daytime and max¬ 
imum levels at night. 50 Although not considered a sleep-regulatory substance, 
IL-6 produces sleepiness in individuals when it is administered exogenously 
during the daytime. 48 Additionally, IL-6 levels are higher in individuals who 
have disorders of excessive daytime sleepiness. 2551 The strong association 
with IL-6 and the sleep cycle has been confirmed with sleep deprivation stud¬ 
ies: sleep onset is associated with an increase in serum levels of IL-6. 50 

5.4. How Sleep Deprivation Affects Cytokine Production 

Cytokine production is different in normal sleep as compared to sleep depri¬ 
vation, and there exists a circadian rhythm to the production not only of 
cytokines, but also of the various immune cells that produce the cytokines. 52 
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This understanding guided Born and colleagues 52 to assess the role of noc¬ 
turnal sleep on normal immune regulation in a design to assess acute sleep 
loss rather than excessive sleep loss. Each of the 10 men served as his own 
control in a two-part procedure. During the first 51-hour session, the subjects 
slept two consecutive regular sleep-wake cycles. In the second session, the 
subjects were kept awake for 24 hours then allowed to sleep normally during 
the next 24 hours. They found no alteration in the absolute production of IL- 
ip and TNF-a, and they note that when the increase in monocytes is taken 
into account, there appears to be no influence of sleep on cytokine produc¬ 
tion. 52 Other studies, however, have found sleep deprivation to be associated 
with a delayed nocturnal release of sleep-associated cytokines, IL-1, IL-6 and 
TNF-a, with subsequent recuperation of normal levels on recovery 
nights. 25 50 53 A study designed to compare the immune effects of both total 
sleep deprivation (TSD) and partial sleep deprivation (PSD) revealed dysreg- 
ulation of sleep-regulatory cytokines and cytokine receptors; however, only 
in total sleep loss were there significant increases in TNF-aRI and IL-6. This 
suggests that the benefit of some sleep, in this case two 2-hour naps per day, 
could be prevention of the negative effects. It is important to note that the 
somnogenic actions of IL-lp and TNF-a are linked to each other; 47 that is, 
they induce each other’s production. Additionally, their linkage and effects 
are tied to other substances comprising a biochemical network, which ulti¬ 
mately regulates sleep. 47 

5.5. What Can These Immune Substances Tell Us About 
Narcolepsy? 

These and other studies linking cytokines to the regulation of sleep and 
sleepiness have led to speculation that these mediators may play a role in the 
pathogenesis of narcolepsy, and some studies have suggested that proinflam- 
matory cytokines may be involved in sleep disorders. For example, Vgontzas 
and colleagues 25 evaluated plasma cytokine levels in patients with obstructive 
sleep apnea, idiopathic hypersomnia, and narcolepsy. The concentrations of 
TNF-a in plasma were elevated in apneics and narcoleptics compared to con¬ 
trols. Moreover, although neither IL-lp nor IL-6 were significantly elevated 
in narcoleptics, IL-6 was markedly elevated in the group of sleep apneics who 
exhibited obesity. 25 The relationship between IL-6 and obesity is interesting 
since narcoleptics tend to be heavier than controls. 7 Narcoleptics have been 
reported to have disturbances in metabolism and food intake as a result of 
the depleted hypocretin; 54 interestingly, hypocretin neurons closely interact 
with the leptin system. 55 Studies assessing leptin levels in narcoleptics 
reported that a reduction of more than 50% in leptin serum levels was seen 
in patients with narcolepsy compared to controls. 56 Leptin secretion, a hor¬ 
mone that informs the brain of the size of adipose tissue, could possibly be 
intensified to compensate for the lack of hypocretin, explaining the increased 
BMI seen in this population. Interestingly, increased BMI has been related to 
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higher levels of circulating proinflammatory cytokines, 57 further suggesting 
that BMI and/or leptin levels may be related to proinflammatory cytokine 
levels and potentially, narcoleptic symptoms. Although not definitive, it 
leaves open the possibility that certain cytokines may be involved in the devel¬ 
opment of narcolepsy. 

Other researchers have suggested that the observed changes in proinflam¬ 
matory cytokines seen in sleep-disorder patients are not merely the result of 
impaired T-cell function, but may, in fact, represent a more subtle interaction 
between immune function and the regulation of sleep patterns. For example, 
Hinze-Selch et al. 39 assessed cytokine levels of IL-1 (3, IL-lra, IL-2, IL-6 
TNF-a and TNF-p in plasma and in mitogen-stimulated monocytes and 
lymphocytes in narcoleptics and in HLA-matched controls. They only found 
elevated secretion of IL-6 from lipopolysaccharide (LPS)-stimulated mono¬ 
cytes compared to controls. The authors conclude that there are no major 
T-cell functional abnormalities in narcoleptics, but the elevation in IL-6 may 
play a role in the REM sleep-associated symptoms of narcolepsy since IL-6 
promotes the growth of cholinergic neurons. 39 

5.6. Recent Data 

The idea that cytokines are involved in the regulation of sleep and sleep dis¬ 
orders has been recently re-evaluated with one study focusing on narcolepsy. 
Data from Vgontzas et al. 58 investigated the effect on inflammatory cytokines 
by inducing modest sleep restriction on subjects, mimicking more realistic 
conditions of sleep loss. Results indicate that both IL-6 and TNF-a showed 
increased secretion after 12 nights of modest sleep loss. Okun et al. 24 specifi¬ 
cally addressed differences in proinflammatory cytokines levels in narcolep¬ 
tics versus matched control subjects. Serum levels of TNF-a and IL-6 were 
assessed in 39 narcoleptics and 40 controls. Results indicate that both 
cytokines were significantly elevated in narcoleptic subjects (see Figure 1). 
Despite the methodological concern of only one blood draw and the unavail¬ 
ability of when the samples were drawn, the data is consistent with previous 
work. 25 58 These data further support the notion that cytokines may play a 
role in the development and/or exacerbation of narcolepsy symptoms. 

The data have several interesting implications. First, the dysregulation of 
sleep observed in narcoleptics correlates with the immune and endocrine dys¬ 
regulation seen in these subjects. Narcoleptics have a disrupted and frag¬ 
mented 24-hour sleep cycle, which is thought to stem from the depletion of 
the neuropeptide, hypocretin. 59 Frequent daytime naps can intrude upon the 
narcoleptic, while frequent awakenings can plague the nighttime hours. This 
persistent disruption of sleep could potentially be a primary explanatory 
variable in the altered cytokine levels seen in this and other studies. 25 35 50 ’ 60 
Redwine et al. 50 has reported that partial sleep deprivation staves off the 
release of nocturnal IL-6. This may subsequently disturb the homeostatic 
role that nocturnal IL-6 secretion plays in regulating sleep on subsequent 
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Figure 1. Mean (± SE) levels of serum tumor necrosis factor alpha (TNF-a), serum 
interleukin-6 (IL-6), and serum human growth hormone (hGH) obtained from con¬ 
trol (N = 40, black bars) and narcoleptic (N = 39, gray bars) subjects. The asterisk 
indicates significance at p < .05. Figure reprinted from Okun et al (2004). 


nights. Moreover, IL-6 is inversely associated with SWS. 50 So, in narcoleptics, 
the higher levels of IL-6 are consistent with the decreased SWS and the 
increased REM sleep 25 observed in this population. Moreover, the observed 
changes in cytokine levels may in fact contribute to the higher likelihood of 
disturbed sleep and/or increased incidence of infection. Irwin 60 has reported 
that even partial sleep deprivation can produce a significant reduction in cel¬ 
lular immunity. However, it must be noted that all the cited studies have 
assessed peripheral blood cytokine measurements. This does not clearly 
inform the researcher as to where the cytokines originated from, only that 
they are present in serum. 

5 . 7 . Endocrine Relationship 

Endocrine substances are important to both the sleep-wake cycle and the 
immune system. Several endocrine substances have been shown to influence 
sleep. For example, melatonin, a hormone produced by the pineal gland, is 
known to play a significant role in the maintenance of the circadian rhythm, 
and is thought to stimulate various components of the immune system. 
Although the exact effects of melatonin are unclear, data suggest that mela¬ 
tonin exerts hypnotic effects rather than shaping the sleep-wake cycle by 
phase resetting. 61 Progesterone, one of the sex steroid hormones, acts as an 
immunosuppressive agent on lymphocytes and influences the onset of SWS. 37 
During the menstrual cycle, women experience fluctuations in progesterone 
levels depending on which phase they are in luteal (high progesterone) or fol- 
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licular (low progesterone). In an attempt to understand progesterone’s con¬ 
tribution to sleep, Moldofsky et al. 37 evaluated immune and endocrine 
parameters in healthy nonpregnant women during high and low progesterone 
phases of the menstrual cycle. Results indicate that onset to Slow Wave Sleep 
(SWS) is delayed and the amount of SWS is reduced during the high proges¬ 
terone phase. 37 In addition to the relationship between SWS and high prog¬ 
esterone levels, there were also differences in sleep-related Natural Killer 
(NK) cell activity and progesterone levels: high progesterone levels corre¬ 
sponded to a decline in nocturnal NK cell activity. 37 

The temporal relationship of Growth Hormone (GH) and Growth 
Hormone Releasing Hormone (GHRH) with SWS has led to increased atten¬ 
tion to their overall role in the sleep-wake process. GH is thought to be com¬ 
pletely sleep-dependent because whether sleep is delayed, interrupted, or 
impending, sleep onset will elicit a pulse in GH secretion. 62 The somatotropic 
axis is now considered a potent stimulator of sleep. 63 The function of the 
somatotropic axis is to regulate anabolism and tissue growth by producing 
various hormones, including GH. It also produces two neurohormones: 
GHRH, which stimulates GH synthesis and release, and somatostatin, which 
inhibits GH synthesis and release. 63 Of note is the sensitive feedback loop this 
system incorporates. Both somatostatin and GH, in addition to IGF-1, 
inhibit GHRH production. Hence, diminished production of GH, usually 
corresponding to a decrease in SWS, would signal an increase of GHRH to 
subsequently elevate production of GH. 

The majority of the data supporting the role of GH and GHRH in sleep 
stems from disordered sleep observed in aging populations. 64 Studies assess¬ 
ing how GH and GHRH can affect sleep provide a clear indication of the 
importance of these hormones. In a study assessing an intranasal injection of 
GHRH on endocrine function and sleep in young and old men, SWS-associ- 
ated GH elevation was reduced while REM and SWS were enhanced regard¬ 
less of age. 64 It appears that exogenous introduction of GHRH mimicked 
endogenous GHRH via the negative feedback loop and subsequently exerted 
effects on sleep parameters. 64 REM sleep and SWS show increases as a result 
of this administration, particularly in the second half of the sleep time. 64 

Few studies have assessed GH levels in patients with narcolepsy, although 
the conclusions of these studies suggest that GH secretion is blunted in nar¬ 
colepsy. It should be noted, however, that the methodology of these studies 
and the time period in which they were conducted warrants skeptical accept¬ 
ance of the results. One study 65 showed GH concentrations remain stable 
after administration of L-DOPA. The other two studies 66 67 concentrated on 
the sleep onset secretion of GH as their determining factor rather than the 
entire 24-hour period. Besset et al. 67 found that narcoleptics had very low GH 
secretion with rare and small secretory peaks not clearly linked to sleep 
stages. Higuchi et al. 66 showed that the expected peak of GH during noctur¬ 
nal sleep onset was absent or markedly decreased in the 4 narcoleptic subjects 
studied. Knowing that sleep is distributed throughout the 24-hour period for 
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narcoleptics, rather than in a concise 8-hour period, GH levels should be 
altered to some degree from normal subjects. 


6. Summary 

The cytokine and GH alterations reported in the studies described above may 
be explanatory variables for the diverse variations seen in narcoleptic sleep 
patterns. It is well established that narcoleptics have fragmented sleep archi¬ 
tecture with non-normal SWS patterns in the first third of the night, often 
accompanied by frequent daytime naps. The shortened REM latency may 
contribute to the altered levels of cytokines and GH observed since IL-6 is 
secreted during Stages 1 & 2 and during REM sleep, and GH secretion is 
associated with SWS. GH secretion is stimulated not only by GHRH, but 
also by IL-6. 50 ’ 68 In addition, GH has been reported to promote proinflam- 
matory and T cell function. 50 This helps to solidify evidence of the complex 
interaction between sleep and immunity. In attempting to explain the extreme 
levels of GH, a possible hypothesis may stem from the additional SWS 
acquired via the frequent daytime naps. GH is secreted in a pulsatile fashion, 
especially during SWS, so it is possible that narcoleptic episodes would be 
associated with increases in SWS secretions of GH as the attainment of sleep 
is spread throughout the 24-hour period rather than obtained in the consoli¬ 
dated 8-hour nighttime cycle. 

In attempting to explain the extreme levels of HGH, Okun et al. 24 suggest 
a possible hypothesis stemming from the additional SWS acquired via the 
frequent daytime naps. HGH is secreted in a pulsatile fashion, especially 
during SWS, so it is possible that narcoleptic episodes would be associated 
with increased in SWS secretions of HGH as the attainment of sleep is 
spread throughout the 24-hour period rather than obtained in the consoli¬ 
dated 8-hour nighttime cycle. Additionally, data generated by rat experi¬ 
ments involving ICV injection of hypocretin suggest that hypocretin 
deficiency may exert a direct excitatory effect on HGH release in narcolep¬ 
tics. 69 Because most classic narcoleptics are hypocretin deficient, 31 the 
increased levels of HGH observed in the present study are consistent with 
this observation, and may reflect direct modulation of HGH by hypocretin 
in this population. Hence, the distribution and timing of HGH secretion 
over the 24-hour period in narcoleptics may be the more important measure 
to assess, rather than overall levels. 

The data described have several interesting implications. First, the dysreg- 
ulation of sleep observed in narcoleptics correlates with the immune and 
endocrine dysregulation seen in these subjects. Narcoleptics have a disrupted 
and fragmented 24-hour sleep cycle, which is thought to stem from the deple¬ 
tion of the neuropeptide, hypocretin. 70 Frequent daytime naps can intrude 
upon the narcoleptic, while frequent awakenings can plague the nighttime 
hours. This persistent disruption of sleep could potentially be a primary 
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explanatory variable in the altered cytokine levels seen in this and other stud¬ 
ies. 25, 35,36,50,60 Moreover, the observed changes in cytokine levels may in fact 
contribute to the higher likelihood of disturbed sleep and/or increased inci¬ 
dence of infection. Irwin 60 has reported that even partial sleep deprivation 
can produce a significant reduction in cellular immunity. However, it must be 
noted that all the cited studies have assessed peripheral blood cytokine meas¬ 
urements. This does not clearly inform the researcher as to where the 
cytokines originated from, only that they are present in serum. 

The cumulative data indicates that proinflammatory cytokines and HGH 
may be involved in the development of or the exacerbation of narcolepsy. As 
the role of the immune system in sleep becomes clearer, a better interpreta¬ 
tion will be available to assess why narcoleptics have altered cytokine and 
HGH levels. Future studies should be conducted to fully characterize the 
sources, patterns, and significance of alterations in patterns of proinflamma¬ 
tory cytokines and HGH in narcolepsy. In addition, future studies should 
include detailed assessment of sleep patterns and health status to account for 
potential cumulative deleterious effects of sleep deprivation upon the 
immune system. Even though the number of individuals who develop nar¬ 
colepsy appears small in comparison to other sleep disorders such as sleep 
apnea, the present data provide further support for the use of narcolepsy as 
a model for understanding how chronic sleep disruption/fragmentation can 
impact the functioning of the immune system. 
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1. Introduction 

There has been considerable interest in sleep-waking patterns of man in the 
polar and subpolar environment because of the special biogeographically 
and physiological factors of the environment. Extreme shifts in the ratio of 
light to darkness during the course of the year are prominent features in 
these areas, ranging from almost total darkness in the polar night to 24 h 
of light during the midnight sun period. There is rich evidence that these 
fluctuations affect plants and animals, but there is still meager information 
about the degree to which humans are affected. Numerous complaints are 
expressed among the general population in all age groups about distur¬ 
bances in sleep pattern, especially during the dark period of the Arctic 
winter. Some persons also report low mood symptoms and lack of energy 
and drive. 


2. Some Historical and Epidemiological Perspectives 

North of the Polar Circle (above 66.5 degree latitude) there is a period 
around winter solstice when the sun does not rise above the horizon. In 
Tromso, situated at about 69 degrees latitude (corresponding to the northern 
part of Alaska), this period lasts from about November 20 to about January 
20 and is called the “darkness period”. In the middle of this period there is 
total darkness most of the day, with only a few hours of dim daylight around 
noon. (For information about the maximal hours of sunshine in Tromso see 
Figure 1 on the following page). Correspondingly we have Midnight sun with 
daylight from end of May to end of July. 

During the last 50 years there have been some studies investigating how 
seasonal extremes with prolonged periods of months of continuous dark¬ 
ness and light affect the sleep routine. In a study carried out in Tromso 
during the summer of 1951, Kleitman 1 reported that previous anecdotal 


529 


530 


Trond Bratlid 



Figure 1. Theoretical maximum hours of sunlight for each month in Tromso. 
Compared to Oslo and Cairo. 


information indicating that the residents slept very little during the all light 
summer months, was highly inaccurate. He found in interviews that time 
spent in bed during the summer months averaged 7 h and 26 min, and 8 h 
and 25 min during winter months. Although there was considerably 
greater variability of the time of going to bed in the winter as compared 
to the summer, the time of getting up in the morning was the same for the 
2 seasons. 

The first regular study of sleep problems during the “darkness period” in 
Tromso was performed in 1957 by Devoid 2 among pupils (age range 15-22 
years) from various schools in Tromso. He reported that 38.7% of the pupils 
complained of sleep difficulties (mainly insomnia) from September to 
January, compared with 5.8% for a corresponding group living in Southern 
Norway. 

In January 1959, Kjos 3 made another questionnaire study in schools in 
Tromso. Of the students 28.2% reported that they had problems initiating 
sleep in the evening and about 60% had to be awakened by someone every 
morning. The investigation was repeated same school year at the end of 
April. At that time only 6.1% reported insomnia problems. 

In a later questionnaire study among employees at the University 
Psychiatric Hospital in Tromso, carried out in the darkness period, it was 
found that 23.6% of the respondents complained of sleep difficulties that 
were considered to be associated with the darkness period as such. 4 

As a part of a comprehensive population health survey in Tromso, 5 ques¬ 
tions about sleeplessness and its possible association with season were included. 
Of the 14,667 respondents, 41.7% of the women and 29.9% of the men said they 
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were sometimes bothered by insomnia. Insomnia not associated with any spe¬ 
cific time of the year was reported by 16% of women and 16.2% of men. 
Insomnia in the darkness period was reported by 17% of women and 9% of 
men. Insomnia in the midnight sun period or in spring-autumn was less com¬ 
mon. Difficulty falling asleep was the most common type of insomnia both in 
winter and summer. 

Overall the frequency of insomnia increased with increasing age, but with 
some notable differences with regard to type. Initial insomnia showed less rela¬ 
tion to age whereas middle and late insomnia increased markedly with age. 
The seasonal type of insomnia in the midnight sun period decreased with 
age, whereas all other seasonal types increased with age. 


3. Neuroendocrine Studies in Polar/Subpolar 
Environments 

In 1970, Natani et al. 6 described long-term changes in sleep patterns in 4 men 
on an Antarctic base, some of which persisted up to 11 months after leaving 
the base. Stage 4 was virtually eliminated. These experiments, however, were 
performed on only 4 men under severely restricted physical and psychologi¬ 
cal conditions. Inspired by this, Weitzman et al. 7 studied a group of 7 healthy 
male subjects in Tromso in regard to sleep stages and 24 h plasma cortisol 
and growth hormone patterns during the four seasons. No difference in total 
sleep or sleep stage per cents was found for any of the yearly seasons. A small 
but statistical significant increase in mean plasma cortisol concentration and 
amount secreted for 24 hour was found for the autumn-winter seasons, as 
compared with the spring and summer. However, no difference in the circa¬ 
dian curve of cortisol hormonal pattern was found. All subjects secreted 
growth hormone shortly after sleep onset at night and no difference was 
found as a function of season of the year. 

Stokkan et al. 8 measured salivary melatonin in healthy volunteers in 
Tromso at midwinter, midsummer and vernal and autumnal equinox. The 
hormonal patterns varied widely between individuals, but, in general, they 
were consistent within most individuals between the seasons. Highest peak 
values occurred in January when the mean level was also significantly higher 
than at any other time of the year. The lowest mean levels occurred in June. 
Although individual rhythms were not always apparent, the mean patterns 
showed significantly elevated melatonin concentrations during the night at all 
seasons. The June melatonin peak was similar to that in March and 
September, but appeared to be phase delayed with increased melatonin con¬ 
centrations from midnight until morning. It was assumed that the delayed 
melatonin peak in June may be associated with a tendency among people to 
shift their rest/activity rhythm and that the pineal sensitivity to light is altered 
in sunny summer days. 
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4. Midwinter Insomnia (MI) 

In its transient form most individuals have experienced insomnia at times of 
emotional crises or life stress. In some individuals, however, their sleep diffi¬ 
culties persist for months or even years. The use of different definitions, dif¬ 
ferent phrasing of questionnaires, different prevalence periods, different 
season and latitude etc, makes it difficult to compare various epidemiological 
studies and evaluate the exact prevalence of insomnia. In medical practice 
insomnia is one of the most frequently encountered health complaints. 

The clinical symptoms of Midwinter Insomnia (MI) gradually start at the 
beginning of the darkness period (ultimo November) and lasts until the sun 
returns over the horizon (ultimo January). Some individuals, mainly elderly, 
may have insomnia problems even several weeks before and/or after the dark¬ 
ness period. Cloudy and stormy weather may contribute to this. 

MI is predominantly an initial type of insomnia, varying in degree from 
moderate difficulty in falling asleep after going to bed, to almost total inabil¬ 
ity to sleep during the whole night. Our clinical impression, not based on sys¬ 
tematic epidemiological studies, is that MI is usually a mono-symptomatic 
disorder, seldom accompanied by manifest depression, anxiety or other psy¬ 
chiatric symptoms. Those who suffer complain about daytime sleepiness and 
a somewhat reduced working and social capacity. This is probably secondary 
to reduced sleep. 

MI does not seem to be associated with any particular eating or living prob¬ 
lems. On average, those suffering from MI show a lower level of physical activ¬ 
ity during the darkness period than during the rest of the year. Whether this is 
a secondary phenomenon or related to the etiology should be further explored. 

Based on clinical criteria, we consider it reasonable to hypothesize that MI 
is the expression of a disturbance-more particularly a phase-delay of the 
sleep-wake rhythm, caused by lack of entraining effect of normal daylight. 
According to the International Classification of Sleep Disorders (ICSD) such 
disturbances of the sleep-wake rhythm belongs to the chronobiological or 
circadian phase disorders. 9 Another type of chronobiologic sleep disorder is 
associated with hypersomnia continuing into the day, leading to excessive 
daytime somnolence. This disorder often accompanies winter depression or 
Seasonal Affective Disorder (SAD). 10 

In some respect, MI seems to be analogues with the Delayed Sleep Phase 
Syndrome (DSPS). 11 However, there are obvious differences between the two 
conditions. Whereas DSPS is a long-lasting disorder that does not seem to be 
associated with any special time of the year, MI appears exclusively during the 
darkness period. In previous controlled, double blind trials we found that MI 
shows lack of response to placebo, but a favorable response to moderate doses 
of benzodiazepine hypnotics. 12 It should be noted, however, that most people 
suffering from MI refrain from using hypnotics, partly because they consider 
their insomnia as an almost “normal” annual recurring phenomenon, partly 
because they wish to avoid the risk of being habituated to hypnotics. 13 
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5. Neuroendocrine Studies of Midwinter-Insomnia 

In a previous study it was found that subjects suffering from MI had, on the 
average, a higher plasma level of growth hormone, especially in the evening, 
than normal controls, whereas plasma cortisol did not differ. 14 In another 
study a group of individuals with initial insomnia during the dark period 
were compared to a group of healthy controls. They were followed with 
repeated measures of melatonin and questioned on ten different sleep vari¬ 
ables from the beginning of January to vernal equinox in March. 15 

The distribution of melatonin over a 24 hour period (five times point) indi¬ 
cated an increase in the amplitude in both groups in the middle of January 
and a decrease in amplitude of melatonin at the time of year when sun first 
rise over the horizon (23 rd -24 th of January) (see Figure 2 and 3 on the follow¬ 
ing page). A positive correlation between morning tiredness and morning lev¬ 
els of melatonin was found among individuals with sleep disturbances, but 
not in controls. 

The significant decrease in melatonin when the sunlight returns to Tromso in 
January may be explained by a shift of timing of melatonin onset. Given that 
the endogenous period of the human circadian pacemaker is slightly longer 
than 24 h, the finding suggest that a naturalistic dawn signal is sufficient to pre¬ 
vent this natural delay drift. Zeitgeber transduction and circadian system 
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Figure 2. Evening (E) and morning (M) melatonin levels in insomnia patients during 
the dark period. Ordinate The ordinate shows the mean melatonin levels (mean ± 
SEM) of mean of melatonin between of the three times-points 22:00,22:45 and 23:00, 
as well as the mean of melatonin levels between the two times time points 07:30 and 
08:15. The abscissa shows, pair-wise, the evening melatonin values (E) and the morn¬ 
ing values (M) melatonin values of the four dates in January and in March. 
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Figure 3. Evening (E) and morning (M) melatonin levels in controls during the dark 
period. For explanation of the bars and their significance, see Figure 2. A significant 
rise in the evening melatonin level was found in on the 23 rd -24 th of January as com¬ 
pared to the 9 th —10 th of January. No other significant differences were found. 
Melatonin is expressed as nmoll/1. The line on each bar indicates standard error of 
mean. (Printed with permission from International journal of Circumpolar Health) 

response may be tuned to the time-rate-of-change of naturalistic twilight sig¬ 
nals as reported to be the case in an experimental study by Danilenko et al. 16 

Both the ‘sleep complain group’ and the control group reported morning 
tiredness in January, while the control group reported a decrease in morning 
tiredness with increase of day length and hours of sunshine. The sleep com¬ 
plaining group still had some sleep problems in March and reported some 
morning tiredness. This may be due to an endogenous vulnerability in this 
group of persons. 

One possible reason for the group difference may also be difference in exer¬ 
cise pattern in the two groups. Weydahl 17 has showed that melatonin in 
January will be influenced by hours of habitual exercise during fall among 
individuals living in a subarctic region in Norway. A further possible expla¬ 
nation may be different sensitivity in retinal light receptors between the two 
groups. Other possible underlying mechanisms which may also be of interest 
in the regulation of the sleep-wake cycle as has been reviewed by Lavie. 18 


6. Future Research 

Inter-individual differences in sleep patterns, namely depth of sleep, have 
been attributed to individual diurnal type related features. Morning-types 
(M) generally retire and arise earlier and show less variable sleep length and 
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awakening time than Evening-types (E). 19 Differences between M- and 
E-types with regard to circadian parameters have been observed in various 
behavioral, psychological and biological measures and are reviewed in detail 
by Kerkof. 20 M- and E-types appears to be a relatively stable individual char¬ 
acteristic that nevertheless can vary in degree across the seasons. 

In an earlier review 21 about seasonal rhythms in healthy subjects, it was 
shown that changes in metabolic processes, increased sleep and circadian 
phase delay occurs somewhat physiologically in winter, and that winter 
impairment of mood, sleep-/wake- and vegetative functions is not restricted 
to midwinter insomnia and seasonal affective disorders, but occurs in an 
attenuated form in most normal healthy persons as well. 

Prospective studies of the general population in Northern Norway 22 have 
found a decrease in depression and general sleeping problems over years, but 
failed to show variation in sleeping problems connected to the dark period. 
This support the theory that Midwinter Insomnia (MI) represents a more 
biologically, constitutionally-determined phenomenon. 

An idea that is gaining favor is that the different sleep patterns in humans 
are probably regulated by the phasing of many cellular clocks interacting 
with recurring,meaningful events in the environment. One study supporting 
this view has recently been reported by Benedetti et al. 23 Their preliminary 
data show e g that the antidepressent effects of light therapy combined with 
sleep deprivation are influenced by a functional polymorphism within the 
promotor region of the serotonin transporter gene. Whether similar genetic 
mchinery may be involved in extreme phase-position such as morningness 
and eveningness, and predispose to seasonal variations in sleep disorders, 
e.g. Midwinter Insomnia, ought to be investigated in further studies. 
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1. Summary 

This chapter is designed to characterize how pro-inflammatory cytokines 
are involved in sleep regulation. Basic observations demonstrate that 
cytokines have a physiological role in sleep regulation with both somnogenic 
and inhibitory effects depending on the cytokine, dose and diurnal and/or 
circadian phase. These basic mechanisms have not yet been translated into 
clinical applications, although they have tremendous implications for 
answering why sleep is disturbed in so many individuals, and may eventually 
provide effective treatment. Yet, relationships between cytokine expression 
and sleep in healthy and insomniac populations at different ages are a cur¬ 
rent topic of investigation in several laboratories. Circadian expressions of 
interleukin (IL)-6, tumor necrosis factor a (TNF), adrenocorticotropic hor¬ 
mone (ACTH) and cortisol have been evaluated in various studies. Generally 
speaking, older individuals do not show increased daytime sleepiness when 
compared to controls, but display more daytime fatigue in all studies. 
Episodes of daytime sleepiness increase in the elderly following sleep depri¬ 
vation. Older individuals show high levels of IL-6 and TNF prior to sleep 
onset. This increase is associated with over-production and release of these 
cytokines during recovery sleep as compared to younger controls. Daytime 
IL-6 hypersecretion and circadian shift of IL-6 secretion following sleep 
deprivation lead to daytime sleepiness and fatigue in younger subjects and 
deeper nighttime sleep in old subjects. Chronic insomnia is associated with 
a shift of IL-6 and TNF secretion from nighttime to daytime, which may 
explain the daytime fatigue and performance decrements associated with 
this disorder. The daytime shift of IL-6 and TNF secretion, combined with 
a 24-hour hypersecretion of cortisol, an arousal hormone, may explain the 
insomniacs’ fatigue, which in contrast to disorders of excessive daytime 
sleepiness (EDS), is not associated with an increased sleep propensity at day¬ 
time or nighttime. These findings may lead to novel approaches in treating 
chronic insomnia. 
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2. Introduction 

Since the early 1970s, quite a few studies have demonstrated a strong asso¬ 
ciation between poor sleep and psychological factors, especially in relation 
to perceived stress. 1 Stress has been associated with activation of the hypo- 
thalamic-pituitary-adrenal (HPA) axis. 2 Corticotropin releasing hormone 
(CRH) and cortisol, respectively the hypothalamic and adrenal products 
of the HPA axis, both lead to arousal and sleeplessness in human subjects 3 
and experimental animals. 4 Autonomic activation, and the elevation of 
hormones, including those produced by the HPA axis, play pivotal role in 
regulating immune surveillance mechanisms, including the production of 
cytokines that control the inflammatory process as well as events responsi¬ 
ble for healing. 5-8 Conversely, sleep, particularly deep sleep, has an 
inhibitory influence on the stress system, of which the HPA axis is a major 
component. 9 

However conceptualized, psychoemotional stress is consistently associ¬ 
ated with psychological manifestations, including anxiety, irritability and 
anger, sad and depressed moods, tension, fatigue, and with certain bodily 
manifestations, including perspiration, blushing or blanching of the face, 
increased heart beat, decreased blood pressure, and intestinal cramps and 
discomfort. Sleep duration and quality are also severely impaired by psy¬ 
choemotional stress. 

Three fundamental issues arise: 1) the consequences of stress upon nor¬ 
mal subjects and patients are not uniform, and the psychopathological and 
physiopathological impact of stress may be significantly greater in certain 
people than others; 2) the impact of stress is dynamic and multi-faceted, 
such that the same person may exhibit a variety of manifestations of the 
psychoneuroendocrine-immune stress response with varying degrees of 
severity at different visits; and 3) the outcome of stress can be ambivalent 
in the sense that subjects and patients may position themselves along the 
spectrum of allostatic regulation, somewhere between the allostatic state (= 
toward regaining physiological balance), and the allostatic overload (= 
toward physiological collapse, with associated potential onset of varied 
pathologies). In brief, subjects with different levels of chronic stress (i.e., 
major life events or minor hassles) may be expected to respond dramatically 
differently. 

Case in point is a recent study in which the participants were stratified 
in terms of their glucocorticoid response (i.e., plasma or salivary cortisol) 
following a mild cognitive challenge (i.e., Stroop color dissonance), which 
correlated inversely with the cytokine response. Cortisol low-responders 
reported less subjective stress and showed higher responses of pro-inflamma¬ 
tory cytokines (e.g., IL-lf^ IL-6). 10 On the other hand, IL-6 responds with a 
delayed increase to acute stress. This stress may be tested by behavioral 
tasks 11 that may cause a bout of sleepiness in those subjects. 
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3. Role of Pro-Inflammatory Cytokines 

The field of cytokine research has expanded remarkably over the past two 
decades. Cytokines were once believed to be solely products of the immune 
system that had definite immunological and hematological functions. It has 
become increasingly evident that in addition to those functions, cytokines 
play a critical role in the psychoneurological network, in sickness behavior, as 
well as in sleep deprivation. Due to the paucity of reliable data on other 
cytokines 13 we will focus our attention mostly on IL-6 and TNF. 

Two factors are well established: IL-6 and TNF are somnogenic and 
fatigue-inducing proinflammatory cytokines; 91213 the HPA axis stimulates 
arousal and suppresses sleepiness. Inflammatory cytokines, including IL-6 
and TNF, are elevated in disorders of excessive daytime sleepiness (EDS), 
i.e. sleep apnea and narcolepsy. 

Moreover, T helper (Th)l/Th2 cytokines play a fundamental role in human 
stress. Thl cells primarily secrete IFN-y, IL-2, and TNF, which activate cel¬ 
lular immunity, whereas Th2 cells secrete a different set of cytokines, prima¬ 
rily IL-4, IL-6, IL-10, and IL-13, which activate humoral immunity. 
Increased levels of IL-6 are associated with the presence of stress and depres¬ 
sion. 1415 The presence of IL-6 and IL-10 has been used to measure stress in 
humans as affected by behavioral interventions. 16 TNF has been utilized as a 
marker for Thl cytokines when measuring psychological stress in humans, 17 ' 
19 including in the context of non-pharmacological interventions. 16 Certain 
kinds of cancer treatments (i.e., IL-2 therapy by itself or in combination with 
IFN-y) are associated with depression symptomatology: Elevated IL-10 lev¬ 
els have been associated with depression among cancer patients. 20 Similarly, 
elevated IL-6 levels have been associated with stress and depression. 1415 
Apparently, this relationship is mediated by the activation of the cytokine 
network, more specifically, IL-6, soluble receptors of IL-2 (sIL-2R), IL-1 
receptor antagonists and IL-10. 21 

The psycho-immunological framework offers exciting possibilities to 
understand sleep. There is increasing evidence suggesting a bi-directional 
integration between sleep and the immune system. Within the psychoim- 
munological framework, there is evidence that psychological distress is asso¬ 
ciated with immunological changes, 26 Such conceptual approach integrates 
the interaction between mind and biological processes, and by extension, the 
influence of non-pharmacological interventions on both. Meditation strate¬ 
gies have proven beneficial in both the psychological and immunological 
realms. In fact, meditation and other non-traditionally western techniques 
produce positive changes at the immunological level. 24 25 Mindfulness-based 
stress reduction (MBSR) is part of the meditative tradition; it is producing 
exciting evidence that it promotes healthy changes in quality of life, including 
in the improvement of depression, stress and sleep quality, which may be 
reflected at the cytokine level. 22 
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MBSR has proven efficacious to decrease anxiety and depression among 
medical patients. 23 MBSR, derived from the contemplative traditions, teaches 
its practitioners meditative processes focusing on breath awareness, which is 
conducive to attain states of relaxation and observant detachment. 

MBSR practice is rooted within non-judgment, patience and acceptance. 
In a study targeting early stage breast and prostate cancer patients, MBSR 
proved an effective strategy that promoted enhanced quality of life and a 
reduction of stress symptomatology. 22 

Among the benefits, improvement of sleep quality was one of the most 
noteworthy. In that study, over 40% of participants reported difficulty sleep¬ 
ing before participating in the 8-week MBSR regime. By the end of the 
8-week treatment period, that figure was reduced to 20%. Moreover, and 
although this improvement did not reach statistical significance, the hours of 
night sleep increased by half hour. As significant, MSBR had an impact on 
stress biological markers (i.e., cytokines) associated with levels of stress: 
Increase of T cell production of IL-4, decrease of IFN-y plus a decrease in 
natural killer (NK) cell production of IL-10. 

Such data may point at a relationship between cytokines, sleeping and 
behavioral interventions. In that study, the improvement in sleep quality was 
coupled with a balance shift in the cytokine environment: from Thl to Th2, 
which in turn, may be an indication of movement away from a depressive 
immune profile into a normalized one. Another non-pharmacological inter¬ 
vention, relaxation training, has shown in a 10-week relaxation-training 
regime, a positive effect among tinnitus sufferers. 

It reduced the perception of stress, depression, and had an impact on bio¬ 
logical markers associated with stress such as TNF. 16 These two behavioral 
interventions, MBSR, and relaxation training, may be exciting proof that 
non-pharmacological interventions can be useful tools to alleviate stress, 
and/or sleeping difficulties, with effects observable at the immunological 
level. 


4. Circadian Oscillation of Pro-Inflammatory Cytokines 

The mammalian circadian pacemaker resides just above the base of the 
brain, in a region of the hypothalamus called the suprachiasmatic nucleus 
(SCN). 27 Individual neurons within the SCN are capable of generating self- 
contained autonomous circadian timing. However, these thousands of cellu¬ 
lar oscillators typically remain in synchrony and thus generate the coherent 
output necessary for a pacemaker (Figure 1). 

In its simplest form, the circadian, or rhythmometric, system can be con¬ 
ceived as a central circadian clock, or pacemaker; a series of input pathways 
mediating the effects of several environmental synchronizers (such as light 
and darkness) on the pacemaker; and a set of output pathways conveying 
pacemaker signals to other regulatory systems of the brain and body. 


Role of Pro-Inflammatory Cytokines in Sleep Disorders 541 



Figure 1. Schematic representation of the neural circuitry at the basis of circadian 
rhythms. The circadian pacemaker is positioned above the base of the brain in a dis¬ 
tinct region of the hypothalamus called the suprachiasmatic nucleus (SCN). Cells of 
the SCN mutually interact and contain a number of chemicals important in cellular 
interaction, including the neurotransmitter gamma-aminobutyric acid (GABA) and 
one or more neuropeptides (NP). The SCN receives incoming information from three 
primary sources: (1) the retina of the eye, which sends signals about environmental 
lighting to the SCN along a direct pathway that uses glutamate (GLU) as its primary 
transmitter, together with at least two different NPs; (2) the intergeniculate leaflet 
(IGL) of the visual thalamus, which receives light signals from the retina and sends 
signals to the SCN via a pathway that employs both GABA and neuropeptide Y 
(NPY) as transmitters; and (3) the raphe cell groups of the midbrain, which employ 
the monoamine serotonin (5 HT) as primary neurotransmitter and signals to the IGL. 
Ending point is a complex interwining of the endocrine, immune and behavioral sys¬ 
tems, which still needs to be fully clarified. 


A stimulus or treatment that affects any one of these components may 
have an impact on the expression of circadian rhythms. On the other hand, 
stimuli that bypass the circadian system, and that instead act directly on 
physiological control systems, can modify the overall expression of circa¬ 
dian rhythms. 28 

Researchers on circadian rhythms are usually interested in distinguish¬ 
ing between “upstream” effects on the circadian pacemaker and/or its input 
pathways and those mediated “down-stream” on circadian output pathways 
and/or physiological control systems. Stimuli that alter circadian rhythm 
expression via downstream mechanisms can produce “masking” of circadian 
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rhythms. That means, such effects are generally able to obscure the under¬ 
lying circadian pacemaker. 

Given the complexity of the pathways influencing the body’s circadian 
rhythms, how can mechanisms underlying the chronobiological effects of any 
stimulus be determined? Assume, for example, that sleep deprivation alters 
the normal daily pattern of secretion of a particular hormone or cytokine. 
Several different types of alterations are possible, including changes in the 
overall level (i.e., amount) of substance secretion, the time of day at which 
the highest peak (or lowest trough) of secretion occurs, or the pattern of 
secretion over the course of the day and night. 

Reported withdrawal-associated effects on circadian rhythms include 
phase-advances (i.e., earlier timing) of circadian rhythms in body temper- 
atura, 29 rapid eye-movement (REM) sleep, 30 and levels of 5-hydroxyin- 
doleacetic acid (5-HIAA, the primary metabolic by-product of serotonin, an 
important chemical involved in communication among nerve cells). 3132 In 
contrast, phase delays (i.e., later timing) have been described for circadian 
rhythms in blood cortisol. 33 

Generally speaking, biological rhythms are variations of biological phe¬ 
nomena that are periodic and foreseeable in time. Temporal variations in 
cycles of rest-activity give temporal markers to the organism, and impose 
their period as a synchronizer of that activity. These rhythms can be charac¬ 
terized by different periods, leading to the division of circadian (a period of 
approximately 24 h), ultradian (a cycle that is shorter than 1 day), and infra- 
dian (a cycle longer than 1 day that may last weeks, months, or seasons). 
These clocks influence how the human body changes during the day, affect¬ 
ing temperature, blood pressure, hormone secretion and immune function. 34 
This variation may be fit to a sinusoidal function by the cosinor method, 
a linear method of least squares. 

Technically, the presence of sinusoidally varying circadian trends can be 
tested by cosinor analysis, which represents a linear reduction of sinusoidal 
regresion. 35 Parameters of the sinusoidal regression such as MESOR (mid- 
line-estimating statistic of rhythm or rhythm-adjusted mean), acrophase 
[a measure of time, the lag from a defined reference time point (e.g. midnight 
of the first day of measurement in some analysis; 8:00 AM in others) of the 
crest time in the cosine-curve-fitted curve to the data], and amplitude (half 
the extent of rhythmic change, or the difference between the maximum con¬ 
centration and the MESOR of the fitted curve) can be obtained for circadian, 
ultradian or infradian periods. For consistency purposes, all cosinor charts 
included in this chapter present 8:00 AM as defined reference time point and 
are based on circadian analysis. 

Rhythm detection is sought by testing the null hypothesis of zero ampli¬ 
tude with an F test. Finally, the potential role of IL-6 and TNF secretion in 
mediating daytime fatigue in chronic insomnia has been examined by the 
evaluation of 24-hour quantitative and temporal pattern of IL-6 and TNF 
secretion in insomniacs and controls matched for age and body mass index 
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(BMI). Chronic insomnia is associated with a shift of IL-6 and TNF secre¬ 
tion from nighttime to daytime, which may explain the daytime fatigue and 
performance impairments associated with this disorder. 

Insomniacs are unable to fall asleep compared to normal sleepers during 
an objective daytime sleep testing [multiple sleep latency test (MSLT)]. 9 Many 
studies have previously attributed this difficulty in falling asleep either at 
night or during the day to activation of their stress system. 

Cosinor analyses, both for the individual and population IL-6 data, indi¬ 
cated a significant circadian rhythm. The pattern typically exhibits a multiple 
component curve with periods of 12 and 24 hours. These patterns are signif¬ 
icant in both insomniac and control subjects (P < .01). These patterns are dis¬ 
tinct, however, between these two groups of subjects. In control subjects, 
there was a major peak at night (about 2 AM) and a secondary peak in the 
late afternoon (about 5 PM). Insomniac subjects, compared to control sub¬ 
jects, manifested a significant shift of the major peak from about 2 AM to 
about 7 PM (P < .001). The nadir point was temporally and quantitatively the 
same, however, for both groups, about 9 AM (Figure 2). 

Cosinor analyses, both for individual and population TNF data, indicated 
a significant circadian rhythm, with a multiple component curve, including 
periods with 12 and 24 hours for control subjects only (P < .05). 

The peak appeared closer and prior to the offset of sleep (about 6 AM), 
whereas the nadir occurred in mid-afternoon (about 3 PM). Rhythmic pat¬ 
tern was not present in subjects with insomnia (Figure 3). By contrast, TNF 
daytime secretion showed a periodic rhythmicity of 4 hours with amplitude 
greater than zero (P < .02) in insomniac subjects. The estimated amplitude of 
this pattern in the insomniac group was 0.22 (95% confidence interval [Cl 95 ], 
0.047 to 0.392; P < .02). A trend, albeit not significant, for this ultradian 
rhythm was manifest in normal control subjects, with estimated amplitude of 
0.047 (Cl 95 , -0.026 to 0.12; P < .18) (Figure 4). 


5. Influence of Age on Pro-Inflammatory Cytokines 

The role of pro-inflammatory cytokines on sleep at different ages remains 
to be fully elucidated. There is a paucity of studies assessing the role of 
immune factors at different ages of life, although copious evidence links pro- 
inflammatory cytokines and sleep. By contrast, consensus emerging from 
reviews of human studies is that basal corticotropic function is unaffected 
by aging, suggesting that the negative interaction of stress and aging does 
not occur in mankind. 36 However, aging has been associated with an evening 
increase of cortisol levels in a few studies. 37 38 Poor sleep in healthy adults, 
regardless of age, is associated with elevated circulating cortisol levels. 
Elevation of endogenous cortisol or exogenous administration of corticos¬ 
teroids has been associated with sleep disturbance and increased wake time. 12 
Aging is associated with 24-h increase of IL-6, with a phase advance of the 
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Figure 2. Multiple-component (fitted components: 24 and 12 hours) cosinor analysis 
of 24-hour plasma IL-6 in insomniacs (dotted line) and controls (solid line) expressed 
as percent variation from the mean. The thick black line on the abscissa represents the 
sleep-recording period. MESOR, mid-line estimating statistic of rhythm or rhythm- 
adjusted mean.* P < .05. 

IL-6 circadian wave over that of cortisol by 3-5 h, thus suggesting an 
increasing over-activity of the HPA axis with increasing age, the latter find¬ 
ing being consistent with a previous report in middle-aged patients with 
early-untreated rheumatoid artritis. 3 Since higher IL-6 levels are significant 
correlated with risk of sudden death, this finding may imply that autoim¬ 
mune diseases may accelerate senescence processes of the immune sys¬ 
tem. 3940 Despite its somnogenic properties, IL-6 administration or elevation 
of its endogenous levels resulted in sleep disturbance when associated with 
HPA axis activation. 9 The association of IL-6 and cortisol with wake time is 
stronger in older adults than in young subjects. Middle-aged men show 
increased vulnerability of sleep to stress hormones, compared with the 
young. 12 41 A study has already demonstrated that increased depth of sleep 
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MULTIPLE COMPONENTS RHYTHMOMETRY 
FITTED COMPONENTS : 24.0,12.0 hours 


Figure 3. Multiple-component (fitted components: 24 and 12 hours) cosinor ana¬ 
lysis of 24-hour plasma TNF in insomniacs (dotted line) and controls (solid line) 
expressed as percent variation from the mean. The thick black line on the abscissa rep¬ 
resents the sleep-recording period. MESOR, mid-line estimating statistic of rhythm or 
rhythm-adjusted mean.*P < .05. 


after one night of total sleep deprivation is associated with significantly 
decreased cortisol levels in young subjects. 9 Increasing age is associated with 
a sharp decline in Short Wave Sleep (SWS). SWS has an inhibitory effect on 
the activity of the HPA axis 41 . 

The potential association of this physiological change with the activity of 
the HPA axis remains to be elucidated. The HPA axis activity changes little 
with age in healthy young adult males, 42 but it increases after middle age. 43 
A recent study analyzed patterns of sleep in healthy elderly (both men and 
women), and how those patterns correlate with cytokine secretion. 41 Older, 
compared to younger adults slept more poorly (wake time after sleep onset 
and % stage 1 sleep were increased whereas % SWS and % sleep time (ST) 
were significantly decreased. 
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Figure 4. Analysis of daytime (8 AM to 11 PM) TNF ultradian rhythmometric 
pattern by fitting a cosine wave in insomniacs (top) vs. controls (bottom). 


The process of aging is associated with increased IL-6 secretion and higher 
evening cortisol concentrations 41 (Figure 5). The association of the former 
with age-related sleep changes is unknown. The latter has been associated 
with lower amount of rapid eye movements (REM) sleep. As a consequence, 
older adults may be more vulnerable to sleep disturbances during periods of 
stress compared to young adults. 

This might also be confirmed by the absence of significant variations in 
TNF circadian rhythmicity (i.e., the same study found this in the elderly, but 
not in younger individuals) (Figure 5). Unfortunately, very few studies are 
available on TNF role regarding either age or disease and it is still impossible 
to obtain a clear-cut answer. 41,44 ’ 45 
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Figure 5. Multiple component (fitted components: 24 and 12 h) cosinor analysis of 
24-h plasma IL-6 (top), TNF (middle), and cortisol (bottom) in young (dotted line) 
and old (solid line) healthy subjects expressed as percent variation from the mean. The 
thick black line on the abscissa represents the sleep-recording period.*P <.05. 
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Changes in sleep physiology associated with aging, including elevations of 
sleep-disturbing hormones and increased sensitivity of the sleep-controlling 
target organ to the actions of these hormones, play a significant role in the 
marked increase of insomnia prevalence with aging. IL-6 peripheral levels 
correlate negatively with sex steroids levels, positively with the amount of adi¬ 
pose tissue, are decreased after a good night’s sleep and elevated in chronic 
pain/inflammatory sindromes. 13 

Old age is associated with decreased sex steroid concentrations, increased 
proportional body fat, accompanied by decreased quantity and quality of 
sleep, and frequent chronic pain/inflammatory conditions. Reducing the 
secretion of IL-6 in the elderly by administration of sex steroids, decreasing 
body fat through diet and exercise, and controlling adequately chronic pain 
and inflammation with nonsteroidal anti-inflammatory agents, may improve 
sleep, daytime alertness, and performance and decrease the risk of common 
ailments of old age, e.g. metabolic and cardiovascular problems, cognitive 
disorders, and osteoporosis. 13 46 Further studies are needed to enlighten gen¬ 
der differences in circulating pro-inflammatory cytokines and their possible 
different role in men and women. 


6. Concluding Remarks 

Several distinct processes are involved in sleep regulation: one can be consi¬ 
dered a sleep homeostat, responsible to react to the need of sleep as it depends 
on prior amounts of sleep and wakefulness. Another is the circadian oscilla¬ 
tor, based in the suprachiasmatic nucleus, responsible for the tendency to 
falling asleep during certain phases of a 24-hour period and sleep and wake 
time into specific episodes. A third motive, although related to this second 
one, is represented by circadian rhythmicity of pro-inflammatory cytokines 
that may as well influence sleepiness and alertness at different phases of the 
24-hour cycle. 

This new knowledge in the basic mechanisms of the role of sleep alter¬ 
ations, and the underlying importance of emotional stress in modulating bio¬ 
logical systems will position us to better enhance health overall. Since IL-6 
may contribute to common ailments of the elderly, (i.e., metabolic and car¬ 
diovascular problems, cognitive disorders, and osteoporosis) decreasing its 
hypersecretion through improvement of sleep, decreasing body fat, adminis¬ 
tering sex hormones, and controlling chronic inflammatory conditions may 
be associated with improved daytime function and well-being and decreased 
morbidity and mortality. 

Chronic insomnia is associated with a shift of IL-6 and TNF secretion from 
nighttime to daytime. The daytime shift of IL-6 and TNF secretion, combined 
with a 24-hour hypersecretion of cortisol, an arousal hormone, may explain the 
insomniacs’ fatigue, which in contrast to disorders of EDS, is not associated 
with an increased sleep propensity at daytime or nighttime. These findings may 
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lead to either novel approaches in treating chronic insomnia or provide evi¬ 
dence to non-pharmacological, or so-called complementary, interventions. 

Chronic activation of the HPA axis in insomnia suggests that insomniacs 
are at risk not only for mental disorders, like anxiety and depression, but also 
for significant medical morbidity (e.g., major depression, cardiovascular 
problems) associated with HPA axis hyperarousal. 47 ' 49 The role of cytokines 
is intimately intertwined with the HPA axis function. Many studies have 
addressed the role of HPA axis hormones in sleep disorders, but they did not 
convey their attention to the immune side. Findings of studies presented here 
that correlate altered sleep with altered immune function show that sleep dis¬ 
orders must be taken into account as a factor of immune function impair¬ 
ment. However, questions remain unanswered. None of the studies ever 
employed any disease specific antigen or biologically relevant immunization 
(e.g. vaccination) in order to evaluate response to an immune challenge in 
subjects suffering from insomnia or any other sleep disturbance. Given the 
basic evidence that pro-inflammatory cytokines are somnogenic, further 
studies should expand on the potential use of these cytokines or their anta¬ 
gonists in evaluation and treatment of disordered sleep in a clinical popula¬ 
tion. There is a huge need for such improvements in treatment. Sleep disorders 
cost to the U.S. economy alone was estimated over $ 35 billion in 1994. 50 The 
least we can do is to encourage research that will eventually give us a good 
night’s sleep in this frantic 24/7 never asleep society. 


9. Acknowledgements. The authors thank the students, trainees, co-workers 
and junior faculty, who have contributed to various aspects of the material 
presented in this chapter. A very special thank you goes to Dr. Alex Vgontzas. 
The authors acknowledge support for these studies by the Fondazione Cassa 
di Risparmio di Cuneo, Italy; the Fondazione Cassa di Risparmio di Saluzzo, 
Italy; the National Institutes of Health (NIDDKD P50 DK 64539); UCLA 
School of Dentistry Intramural Seed Grant Program. 

10. References 

1. Kales and Kales, 1984 Kales A, Kales JD. Evaluation and treatment of insomnia. 
New York: Oxford University Press 1984. 

2. Gold PW, Chrousos GP. The endocrinology of melancholic and atypical depres¬ 
sion: relation to neurocircuitry and somatic consequences. Proc. Assoc. Am. Phys. 
1999 111:22-34. 

3. Chrousos GA, Kattah JC, Beck RW, Cleary PA and the Optic Neuritis Study 
Group. Side effects of glucocorticoid treatment. JAMA 1993 269:2110-2112. 

4. Opp M, Obal Jr F, Kreuger JM Corticotropin-releasing factor attenuates 
interleukin 1-induced sleep and fever in rabbits. Am J Physiol 1989 257:R528 
R535. 

5. Chiappelli F, Abanomy A, Hodgson D, Mazey KA, Messadi DV, Mito RS, 
Nishimura I, Spigleman, I.. Clinical, experimental and translational psychoneu- 


550 Paolo Prolo, et al. 


roimmunology research models in oral biology and medicine. In Psychoneuro¬ 
immunology, III; Robert Ader, Robert Cohen and David Felten eds, Academic 
Press, Chapter 64, 2001 pp. 645-70. 

6. Chiappelli F, Prolo P, Cajulis E, Harper S, Sunga E, Concepcion E. 
Consciousness, emotional self-regulation, and the psychosomatic network: 
Relevance to Oral Biology and Medicine. In Consciousness, Emotional Self¬ 
regulation and the Brain; M. Beauregard, Ed. Advances in Consciousness 
Research, John Benjamins Publishing Company, Chapter 9 2004 pp. 253-274. 

7. Chiappelli F, Cajulis O. Psychobiological Views on “Stress-Related Oral Ulcers”. 
Quintessence Int. 2004; 35: 233-237. 

8. Prolo P, Chiappelli F, Fiorucci A, Dovio A, Sartori ML, Angeli A. 
Psychoneuroimmunology: new avenues of research for the 21 st century Ann NY 
Acad Sci 2002 966: 400-408. 

9. Vgontzas AN, Papanicolaou DA, Bixler EO, Lotsikas A, Zachman K, Kales A, 
Wong M-L, Licinio J, Prolo P, PW Gold PW, Hermida RC, Mastorakos G, 
Chrousos GP: Circadian interleukin-6 secretion and quantity and depth of sleep. 
Journal of Clinical Endocrinology & Metabolism 1999 84:2603-2607. 

10. Kunz-Ebrecht SR, Mohamed-Ali V, Feldman PJ, Kirschbaum C, Steptoe A. 
Cortisol responses to mild psychological stress are inversely associated with proin- 
flammatory cytokines. Brain Behav Imm 2003 17:373-383. 

11. Steptoe A, Willemsen G, Owen N, Flower L, Mohamed-Ali V. Acute mental stress 
elicits delayed increases in circulating inflammatory cytokine levels. Clin Sci 
(Lond). 2001 101:185-192. 

12. Vgontzas AN, Bixler EO, Lin H-M, Prolo P, Mastorakos G, Vela-Bueno A, Kales 
A, Chrousos GP 2001 Chronic insomnia is associated with nyctohemeral activa¬ 
tion of the hypothalamic-pituitary-adrenal axis: clinical implications. J Clin 
Endocrinol Metab 2001 86:3787-3794. 

13. Irwin M. Effects of sleep and sleep loss on immunity and cytokines. Brain Behav 
Immun. 2002 16:503-512. 

14. Drize N, Chertkov J, Samoilina N, Zander A.Effect of cytokine treatment (gran¬ 
ulocyte colony-stimulating factor and stem cell factor) on hematopoiesis and 
the circulating pool of hematopoietic stem cells in mice. Exp Hematol. 1996; 24: 
816-822. 

15. McNiece IK, Briddell RA, Hartley CA, Smith KA, Andrews RG. Stem cell factor 
enhances in vivo effects of granulocyte colony stimulating factor for stimulating 
mobilization of peripheral blood progenitor cells. Stem Cells. 1993; 11 Suppl 2:36-41. 

16. Weber C, Arck P, Mazurek B, Kiapp BF. Impact of a relaxation training on 
psychometric and immunologic parameters in tinnitus sufferers. J Psychosom Res. 
2002; 52:29-33. 

17. Nemunaitis J. Singer JW Buckner CD. Mori T. Laponi J. Hill R. Storb R. Sullivan 

KM. Hansen JA. Appelbaum FR. Long-term follow-up of patients who received 
recombinant human granulocyte-macrophage colony stimulating factor after 
autologous bone marrow transplantation for lymphoid malignancy. Bone Marrow 
Transplant. 1991;7:49-52 

18. Ackerman KD, Martino M, Heyman R, Moyna NM, Rabin BS. Stressor-induced 
alteration of cytokine production in multiple production sclerosis patients and 
controls. Psychosom Med 1998 60: 484-491. 

19. Arck PC, Rose M, Hertwig K, Hagen E, Hildebrandt M, Kiapp BF. Stress and 
immune mediators in miscarriage. Hum Reprod 2001 16: 1505-1511. 




Role of Pro-Inflammatory Cytokines in Sleep Disorders 551 


20. Hauser P, Soler R, Reed S, Kane R, Gulati M, Khosla J, Kling MA, Valentine 
AD, Meyers CA. Prophylactic treatment of depression induced by interferon- 
alpha. Psychosomatics. 2000;41:439-441. 

21. Tilg H, Vogel W, Dinarello CA.Interferon-alpha induces circulating tumor necro¬ 
sis factor receptor p55 in humans. Blood. 1995; 85:433-435. 

22. Carlson LE, Speca M, Patel KD, Goodey E. Mindfulness-based stress reduction 
in relation to quality of life, mood, symptoms of stress and levels of cortisol, dehy- 
droepiandrosterone sulfate (DHEAS) and melatonin in breast and prostate cancer 
outpatients. Psychoneuroendocrinology 2004 29:448-474. 

23. Reibel DK, Greeson JM, Brainard GC, Rosenzweig S. Mindfulness-based stress 
reduction and health-related quality of life in a heterogeneous patient population. 
Gen Hosp Psychiatry. 2001 23:183-192. 

24. Solberg EE, Halvorsen R, Sundgot-Borgen J, Ingjer F, Holen A. Meditation: a 
modulator of the immune response to physical stress? A brief report. Br J Sports 
Med. 1995 29:255-257. 

25. Taylor DN. Effects of a behavioral stress-management program on anxiety, mood, 
self-esteem, and T-cell count in HIV positive men. Psychol Rep. 1995 76:451-457. 

26. Petry LJ, Weems LB 2nd, Livingstone JN 2nd. Relationship of stress, distress, and 
the immunologic response to a recombinant hepatitis B vaccine. J Fam Pract. 1991 
32:481-486. 

27. Buijs RM. The anatomical basis for the expression of circadian rhythms: the effer¬ 
ent projections of the suprachiasmatic nucleus. Prog Brain Res. 1996; 111:229-240. 

28. Rosenwasser AM. Alcohol, Antidepressants, and Circadian Rhythms Human and 
Animal Models 2004 NIAAA Publications http://www.niaaa.nih.gov/publications/ 
arh25-2Z126-135.htm 

29. Kodama H, Nakazawa Y, Kotorii T, Nonaka K, Inanaga K, Ohshima M, 
Tokoyama T. Biorhythm of core temperature in depressive and non-depressive 
alcoholics. Drug and Alcohol Dependence 1988 21: 1-6. 

30. Imatoh N, Nakazawa Y, Ohshima H, Ishibashi M, Yokoyama T. Circadian 
rhythm of REM sleep of chronic alcoholics during alcohol withdrawal. Drug and 
Alcohol Dependence 1986 18:77-85. 

31. Sano H, Suzuki Y, Yazaki R, Tamefusa K, Ohara K, Yokoyama T, Miyasato K, 
Ohara K. Circadian variation in plasma 5-hydroxyindoleacetic acid level during 
and after alcohol withdrawal: phase advances in alcoholic patients compared with 
normal subjects. Acta Psychiatr Scand. 1993;87:291-296. 

32. Sano H, Suzuki Y, Ohara K, Miyasato K, Yokoyama T, Ohara K. Circadian vari¬ 
ations in plasma monoamine metabolites level in alcoholic patients: a possible pre¬ 
dictor of alcohol withdrawal delirium.Prog Neuropsychopharmacol Biol Psychiatry. 
1994;18:741-752. 

33. Iranmanesh A, Veldhuis JD, Johnson ML, Lizarralde G. 24-hour pulsatile and 
circadian patterns of cortisol secretion in alcoholic men. Journal of Andrology 
1989 10: 54-63. 

34. Wong M-L, Kling MA, Munson PJ, Listwak S, Licinio J, Prolo P, Chrousos GP, 
Oldfield EH, McCann SM, Gold PW: Stress system dysfunction in major depression: 
Serial cerebrospinal fluid sampling of corticotropin releasing hormone and norepi¬ 
nephrine. Proceedings of the National Academy of Sciences US. A. 2000 97; 325-330. 

35. Fernandez JR, Hermida RC. Inferential statistical method for analysis of nonsi- 
nusoidal hybrid time series with unequidistant observations. Chronobiol Int 1998 
15:191-204. 




552 Paolo Prolo, et al. 


36. Prinz PN, Bailey SL, Woods DL. Sleep impairments in healthy seniors: roles of 
stress, cortisol, and interleukin-1 beta. Chronobiol Int. 2000;17:391-404. 

37. Ferrari E, Cravello L, Muzzoni B, Casarotti D, Paltro M, Solerte SB, Fioravanti 
M, Cuzzoni G, Pontiggia B, Magri FAge-related changes of the hypothalamic- 
pituitary-adrenal axis: pathophysiological correlates. Eur J Endocrinol. 2001 
144:319-329. 

38. Van Cauter E, Leproult R, Plat L. Age-related changes in slow wave sleep and 
REM sleep and relationship with growth hormone and cortisol levels in healthy 
men. JAMA 2000 284:861-868. 

39. Luc G, Bard JM, Juhan-Vague I, Ferrieres J, Evans A, Amouyel P, Arveiler D, 
Fruchart JC, Ducimetiere P. PRIME Study Group. C-reactive protein, inter¬ 
leukin-6, and fibrinogen as predictors of coronary heart disease: the PRIME 
Study. Arterioscler Thromb Vase Biol 2003 23:1255-1261. 

40. Singh RB, Kartik C, Otsuka K, Pella D, Pella J. Brain-heart connection and the 
risk of heart attack. Biomed Pharmacother 2002;56 Suppl 2:257s-265s. 

41. Vgontzas AN, Zoumakis M, EBixler EO, Lin HM, Prolo P, Vela-Bueno A Kales 
A, Chrousos GP. Impaired Nighttime Sleep In Healthy Old Vs. Young Adults is 
Associated with Elevated Plasma IL-6 and Cortisol Levels: Physiologic and 
Therapeutic Implications. J Clin Endocrinol Metab 2003 88: 2087-2095. 

42. Pavlov EP, Harman SM, Chrousos GP, Loriaux DL, Blackman MR. Responses 
of plasma adrenocorticotropin, cortisol, and dehydroepiandrosterone to ovine 
corticotropin-releasing hormone in healthy aging men. J Clin Endocrinol Metab. 
1986;62:767-772. 

43. Van Cauter E, Leproult R, Kupfer DJ. Effects of gender and age on the levels and 
circadian rhythmicity of plasma cortisol. J Clin Endocrinol Metab. 1996;81: 
2468-2473. 

44. Imagawa S, Yamaguchi Y, Ogawa K, Obara N, Suzuki N, Yamamoto M, 
Nagasawa T. Interleukin-6 and tumor necrosis factor-alpha in patients with 
obstructive sleep apnea-hypopnea syndrome. Respiration 2004; 71:24-29. 

45. Irwin M, Rinetti G, Redwine L, Motivala S, Dang J, Ehlers C Nocturnal proin- 
flammatory cytokine-associated sleep disturbances in abstinent African American 
alcoholics. Brain Behav Immun. 2004;18:349-360. 

46. Chrousos GP, Gold PW. A healthy body in a healthy mind—and vice versa—the 
damaging power of “uncontrollable” stress. J Clin Endocrinol Metab. 1998 83: 
1842-1845. 

47. Gold PW, Wong ML, Chrousos GP, Licinio J. Stress system abnormalities in 
melancholic and atypical depression: molecular, pathophysiological, and thera¬ 
peutic implications. Mol Psychiatry. 1996;1:257-264. 

48. Prolo P, Chiappelli F, Cajulis E, Bauer J, Spackman S, Romeo H, Carrozzo M, 
Gandolfo S, Christensen R. Psychoneuroimmunology in Oral Biology and 
Medicine: The Model of Oral Lichen Planus. Ann NY Acad Sci 2002 966:429-440. 

49. Prolo P, Licinio J. Molecular neuroendocrinology and its impact on behavior. 
In: Genes, Behavior, and Health. (C.L. Bolis and J. Licinio eds.) World Health 
Organization, Geneva, Swizerland 1999 pp. 37-60. 

50. Chilcott LA, Shapiro CM. The socioeconomic impact of insomnia. An overview. 
Pharmacoeconomics. 1996; 10 Suppl 1:1-14. 


Sleep and Circadian Neuroendocrine 
Function in Seasonal Affective 
Disorder 


A. A. Putilov, S. R. Pandi-Perumal and T. Partonen 

1. Introduction 

The research of winter depression (also known as winter type of seasonal 
affective disorder or SAD) has a unique history. Unlike other affective dis¬ 
eases, it has been discovered by the investigations in the field of chronobio- 
logy 12 rather than throughout medical practice. Since the first systematic 
description of winter depression 2 its biological basis has been extensively stud¬ 
ied. A number of hypotheses have been proposed to explain the underlying 
biological mechanisms of SAD and its successful treatment by 2-hr daily 
administration of bright light for 1-2 weeks. However, none of these hypothe¬ 
ses is fully compatible with existing empirical results (see, i.e., the reviews by 3 * 4 ) 
Sleep disturbances are a hallmark of SAD, as they are of the remaining 
mood disorders. Winter depression is characterized by the so-called atypical 
depressive symptoms that in particular, include hypersomnia, difficulty wa¬ 
king up in the morning and daytime sleepiness. These abnormal features dis¬ 
appear or even the opposite symptoms of hyposomnia and insomnia can 
appear throughout summer remission. 2 Sleep in SAD patients was found to 
have little resemblance to sleep in the majority of patients with non-seasonal 
major depression. In particular, as compared to the general findings in 
depressive disorder (i.e. 5 ), winter depressives show the opposite trend in sleep 
continuity measures. 610 However, in general, the electroencephalographic 
(EEG) studies failed to support strong clinical and epidemiological evidence 
for the dramatic effect of season and bright light treatment on the sleep-wake 
pattern in SAD. 


2. Sleep and Seasonality in Winter Depression 

2.1. Contradictive Results on EEG Sleep 

The inconclusiveness of sleep EEG findings in winter depression might be 
exemplified by the contradictive results of studies conducted by several 
groups soon after SAD discovery. There were both negative and positive find¬ 
ings on the enlarged total sleep time in winter depressives. The differences 
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were significant or absent when depressives were compared to 1) healthy sub¬ 
jects (i.e. 6 ’ 11 vs. 7 8 , respectively) or 2) themselves during summertime remission 
(i.e. 7 vs. 6 ’ 8 , respectively) or 3) themselves after bright light treatment (i.e. 68 
vs. 712 , respectively). Similarly, both negative and positive findings were 
reported on wintertime reduction of slow wave sleep in SAD patients com¬ 
pared to 1) controls (i.e. 711 vs. 6 8 , respectively), or 2) themselves either in sum¬ 
mer (i.e. 7 vs. 6 8 , respectively) or 3) in post-treatment condition (i.e. 7 811 vs. 6 ’ 13 , 
respectively). Hence, we have to be cautious with interpretation of the find¬ 
ings suggesting the significant sleep EEG differences between SAD patients 
and healthy controls. 

Even the results reported by the same group illustrate this notion. For 
example, earlier findings of the Basel group on the normo- or hyposomnic 
SAD patients suggested that the characteristics of sleep EEG in SAD 
patients and controls differ neither during baseline sleep nor during the 
extended sleep following sleep deprivation. 7 However, more recent report sug¬ 
gested the attenuation of buildup of waking EEG power density during day¬ 
time in winter depressives compared to healthy subjects. 14 The results of 
Siberian group dealing with hypersomnic patients are also contradictive, and, 
besides, they, in general, do not fit the reports of the Basel group. In the study 
of nighttime sleep in SAD, the reduction of baseline slow wave sleep and 
increased total sleep time were found in winter depressives as compared to 
healthy controls. 8 However, another study applying the 24-hr multiple sleep 
latency test, failed to provide evidence of patients’ increased sleep propensity 
in day- and nighttime hours 15 and of abnormality of slow-wave sleep pressure 
in the first 20-min of the subsequent recovery sleep. 1617 By contrast, the third 
study 17 supported the finding of the Basel group on the attenuation of 
buildup of waking EEG power density in SAD. 

Several reasons might be suggested to explain so often reported disagree¬ 
ment between the EEG results. The small sample sizes appear to be the most 
plausible explanation. It has to be noted that most typical EEG sleep 
abnormalities in depressed subjects, such as reduced rapid eye movement 
(REM) sleep latency, night sleep interruptions, reduced slow wave sleep, and 
the like, are similar to those of healthy elderly people. Both depressed and 
control subjects show the expected age trends, but these trends seem to be 
somewhat advanced in depressed subjects compared to normals (see, 
i.e., 1819 ). Hence, when the subjects of different age are included in the same 
sample, the intra-group variation of EEG characteristics could mimic inter¬ 
group differences. 

2.2. Objective and Subjective Sleep Reports 

Moreover, it has to be emphasized that, despite association of SAD with 
sleep complains, the neuro-vegetative symptoms do not necessary reflect 
the deviations of the objective sleep measures from the normal range (i.e. 
these deviations sometimes could be surprisingly small, if any). Patients with 
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SAD seem to exhibit the tendency to overestimate their winter sleep duration 
in retrospective reports and clinical interviews. 

In particular, this discrepancy was revealed by comparison of the objec¬ 
tively measured amplitudes of seasonal variations in sleep length (i.e. 8 ) with 
those retrospectively reported (i.e. 20 ’ 21 ). When retrospective reports suggest 
l-to-3-hr difference between sleep duration in summer and winter, the aver¬ 
age winter-summer difference in EEG sleep duration did not exceed several 
minutes (although it often was statistically significant). Earlier published 
data on systematically recorded sleep timing also indicate that the deviation 
of SAD sleep from the normal range is far from being as dramatic as retro¬ 
spectively reported estimates (i.e. 22 ). 

The reason for exaggeration of sleep problems might be rooted in SAD 
psychology. Not only physiological functioning, but, most importantly, the 
psychosocial functioning in the depressed with SAD suffers from the winter¬ 
time neuro-vegetative symptoms. The psychosocial problems caused by such 
habits as late awakening, oversleeping, overeating and the like can contribute 
to development of both depressed mood state and high beneficial expecta¬ 
tions from bright light therapy. Hence, further replication studies are needed 
to confirm the reported differences between SAD patients and controls on 
EEG sleep measures. 

2.3. Seasonality of Mood 

It is naturally to suggest that seasonal variations in sleep in SAD are the 
extreme cases of the response of sleep regulated mechanisms to annual vari¬ 
ations in photoperiod. Although humans are not considered to be very sen¬ 
sitive to the changes in the length of day or photoperiod, 23 their physiology, 
in general, still reacts on illumination conditions in the same way, as does 
physiology of other mammals. The discovery of SAD was stimulated by the 
finding that the exposure of bright light does suppress melatonin secretion 
from the pineal gland and changes the phase position of the rhythm gener¬ 
ated by the circadian pacemaker. 24 

Moreover, seasonal variation in many bodily functions has been acknowl¬ 
edged in the literature. The seasonal variations in mood are of a special 
interest, because statistics of hospital admission for depression and mania 
shows significant seasonal patterns, with the incidence of depression being 
greatest in winter. Specific seasonal effect for affective illness is evidenced by 
the non-existence of seasonality in other psychiatric disorders (i.e. 25 ). In the 
light of numerous findings of triggering and termination of affective illness 
by environmental factors, Wehr et al. proposed that these conditions are 
likely to be the disorders of systems that mediate the organism’s adaptation 
to physical changes in the habitat. 26 The decreasing daylight period as win¬ 
ter approaches is thought to trigger a depressive episode in subjects predis¬ 
posed to SAD, in particular. However, no causal relationship can be drawn 
between the incidence of SAD and the relative shortage of light. Although 


556 A. A. Putilov, S. R. Pandi-Perumal and T. Partonen 


bright-light exposure has been used in treatment, the cause of SAD is not 
inevitably a lack of light. 

2.4. Epidemiology of SAD 

Winter type of SAD is an affective illness with recurrent depressive episodes 
in winter plus hyperthymic periods in spring or summer, as first systematically 
described in the literature by Rosenthal et al. 2 . About 90% of patients with 
SAD meet criteria of Diagnostic and Statistical Manual of Mental Disorders 
for bipolar disorder type II, 26 * 27 and approximately 10% of affective disorders 
have the seasonal pattern. 27 Epidemiological studies have shown that there is 
a greater incidence of SAD or atypical symptoms of depression at higher lat¬ 
itudes and cold climate. 28 29 In particular, over 10% of the Siberian population 
shows clear seasonal variations in mood and behavior. 20 

Clinical reports pointed on the relationship between SAD and photoperiod. In 
patients with SAD, depressive symptoms tend to worsen during the winter along 
with the decreasing hours of daylight. 30 In fact, the onset of depressive symptoms 
coincides with the most rapid changes in the intensity, spectrum and hours of 
sunlight that takes place around the autumn equinox. No association of the clin¬ 
ical picture with other environmental variables, such as rainfall, humidity or 
atmospheric barometric pressure has been reported. A model proposed for SAD 
is that of a multi-factorial illness in which the genetic effect interacts with the sea¬ 
sonally changing effect, such as light exposure or ambient temperature. 30 31 The 
genetic effect seems to contribute 29% to the onset of SAD. 

There is likely a molecular basis for these unique responses to photoperiod 
in winter depression. At present, two gene polymorphisms in association with 
SAD are discovered, both of which are located in the so-called circadian 
clock genes, showing that the NPAS2 and ARNTL genes take part in the 
pathogenesis of SAD. 32 A polymorphism (647 Val/Gly) of the PER3 gene has 
been linked to not only delayed sleep phase syndrome, but now also to the 
self-reported circadian preference, those with at least one glycine allele show¬ 
ing preference to display more activity in the morning hours. In addition, 
there are some interesting discoveries that have importance to the accuracy 
and stability of the circadian clockwork in general and need to be analyzed 
in SAD patients as well. 

2.5. Bright Light Treatment of SAD 

The effect of bright light therapy on SAD was first predicted in theory and 
has thereafter been demonstrated in many clinical trials (for reviews, see 33 ’ 34 ). 
Symptoms may disappear after just one week of daily exposures to bright 
light (2500 lux or more) for 1 to 2 hours. 2 

However, despite extensive research, the mechanism of beneficial response 
to bright light remains unknown. The majority of the proposed explanations 
link it with the regulation of circadian rhythms or serotonin in brain. It has 
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been noted that most of these hypotheses are not mutually exclusive. 3 ’ 4 ’ 35 36 
Some of these hypotheses justified as follows. 


3. Photoperiodic Response in Winter Depression 

3.1. Timing of Light Treatment 

SAD and the antidepressant effect of bright light on depressive symptoms 137 
were predicted on the basis of two lines of evidence. First, response to the 
length of day was known to be mediated by the actions of melatonin in ani¬ 
mals (i.e. 38 ). Second, the exposure to bright light was shown to suppress mela¬ 
tonin secretion in humans as well. These findings led to suggestion that the 
suprachiasmatic nuclei (SCN) of the anterior hypothalamus play a role as a 
mediator of changes in mood, and that this response may be mirrored in the 
seasonal variation in photoperiod and melatonin profile. 

Since then, the predicted effect of bright light therapy to reverse the 
symptoms of SAD has been demonstrated in numerous studies (for reviews, 
see 39 44 ). Soon after discovery of SAD in 1984, the comparison of the light 
treatments at different time of the day has been proposed as a test of the 
mechanisms underlying clinical effect of phototherapy. In particular, light 
in the middle of the day was used to examine at least two chronobiological 
explanations. The first and earliest explanation suggested the normaliza¬ 
tion of the timing of melatonin secretion by extension of day length with 
morning plus evening bright light. 1 The next hypothesis postulated the 
possibility of correction of abnormally delayed circadian rhythms with 
early morning bright light. 45 Both explanations suggest only weak, if any, 
therapeutic response to bright light in the middle of the day, since such a 
treatment fails to extend day length or reset the abnormally phased circa¬ 
dian rhythms. 

However, the efficacy of bright light was found to be rather high at various 
time of day, including hours when melatonin is not secreted by the pineal 
gland. 46 ' 50 In particular, bright light even at midday still reverses the symp¬ 
toms of SAD effectively. 51 " 55 

3.2. Effect of Melatonin Administration 

Oral administration of melatonin was not found to reverse completely the 
effects of bright light, although it does reproduce the atypical depressive 
symptoms of SAD. 56 In another study 57 this hormone given to SAD patients 
either in the morning or in the evening has neither positive nor negative effect 
on depressive symptoms, while bright light has a positive effect. 

The afternoon treatment with melatonin in physiological doses was 
thought to be an effective antidepressant, because such treatment needed to 
produce a phase advance. Indeed, the preliminary finding suggested that the 
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afternoon administration alleviates symptoms of SAD. 58 In another study 17 
the afternoon melatonin treatment prevented relapse after total sleep depri¬ 
vation, although no difference in the antidepressant response between 
placebo and melatonin was seen. 

The hypothesis of the involvement of melatonin in SAD has not been sup¬ 
ported by data on the effect of antidepressant treatments on the levels of this 
hormone. In particular, it was noted that the antidepressants reduced depressive 
symptoms irrespective of their effect on melatonin levels that could be either 
increased (tricyclics, fluvoxamine) or decreased (fluoxetine) after medication. 59 

In contrast, some other facts point on a possible link between melatonin 
alterations and the pathogenesis of SAD. For example, the administration of 
high doses of melatonin to healthy individuals induces drowsiness, decreased 
attention and prolonged reaction times, and melatonin administration to 
SAD patients induces a worsening of depressive symptoms. 60 

3.3. Seasonal Changes in Melatonin Profile 

Seasonal changes in melatonin or other hormones were not detected in a 
study by Avery et al. 61 Negative results were also presented by Wehr et al. in 
their early report. 62 

However, more recent studies of healthy individuals, however, have 
renewed interest in the original hypothesis for SAD. Wehr et al. showed that 
the duration of melatonin secretion in healthy subjects responded to changes 
in the photoperiod in a way that was very similar to the response seen in ani¬ 
mals. 63 Moreover, Hashimoto et al. reported that midday exposure to bright 
light might change the duration of melatonin excretion due to an advance of 
phase of the secretion onset. 64 Spiegel et al. demonstrated that the duration 
of melatonin secretion might be shortened or lengthened by sleep curtailment 
or extension, respectively. 65 

Finally, Wehr et al. showed that patients with SAD rather than healthy con¬ 
trols responded to the lengthening of day by shortening of the duration of 
melatonin secretion. 66 67 Thus, the original assumption that the onset of SAD 
resembles the mechanism of action in response to the photoperiod, as seen in 
mammals, cannot be rejected completely and needs further elaboration. 

3.4. Melatonin Supression 

The relationship between suppression of melatonin by light and amelioration 
of SAD symptoms was reported. 68 Several groups 20 ’ 45 ’ 50 ’ 69 ’ 70 have noted that 
patients with SAD do not differ much from controls in the baseline melatonin 
phase position, while there are more pronounced differences concerning the 
extent of advance of the phase position of melatonin circadian rhythm 
following exposure to morning bright light. 

The symptoms of hypersomnia and late awakening may be a sign of both 
a delayed phase and a long duration of melatonin excretion. Since recent 
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findings show a link between the timing of melatonin secretion and sleep 
onset, 71 ’ 72 the use of the onset of melatonin secretion as a marker of the cir¬ 
cadian phase position 73 may lead to underestimation of phase differences 
between depressed SAD patients in winter and healthy individuals. 20 Possibly, 
more prominent phase differences between patients and controls exist in the 
time of offset rather than onset of melatonin secretion. 

Since several reports suggest that in SAD patients the melatonin secretion 
is more sensitive to light than in healthy individuals, 62 74 75 ) it is the increased 
sensitivity to light rather than the initial phase delay that may explain the 
extensive phase shifts in SAD patients. However, Partonen et al. did not find 
any difference between patients with SAD and controls in the degree of sup¬ 
pression of melatonin by late evening bright light. 76 

The experiments with two p-blockers, which suppress melatonin secretion, 
yielded conflicting results. First, a long-acting [5-blocker, atenolol, did not 
reproduce the antidepressant effect of bright light in SAD patients treated in 
the afternoon, although several individuals responded very well , 77 In con¬ 
trast, Schlager reported the efficacy of a short-acting p-blocker, propranolol, 
in SAD patients treated in the early morning. 78 A subsequent study provides 
additional support for beneficial effect of well-timed P-adrenergic blockade. 79 

3.5. Daytime Melatonin 

Several clinical studies have suggested that the daytime secretion of melatonin 
may be enhanced in SAD patients. In a case study 80 abnormally high levels of 
this hormone were found in a patient with SAD in the morning and afternoon 
hours, and early morning bright light resulted in the reduced amplitude and 
phase advance of melatonin circadian rhythm. One of ten patients with SAD 52 
secreted abnormally much amount of melatonin in daytime at baseline, and 
showed a rise in plasma levels after oral administration of 5-hydroxytrypto- 
phan. In some other studies, dietary L-tryptophan, the precursor of 5-hydrox- 
ytryptophan, has been as effective as light exposure in patients with SAD. 81 In 
a case study, a good response to tryptophan treatment was associated with the 
increased nighttime levels of a melatonin metabolite (aMT6s) excretion. 82 

Diurnal differences in urinary excretion of MLT were low in a sample of 
Siberian SAD patients, whereas the signs of normalization of the excretion 
pattern were seen after remission of symptoms followed by light therapy, 
change of seasons, or after travel to a southern region. 83 ' 85 Further research 
showed that the daytime circulating melatonin levels were higher in patients 
with SAD compared with controls during the winter. This difference disap¬ 
peared after administration of bright light and in summer. 86 87 In addition, 
the study of the seasonal changes in the diurnal pattern of melatonin levels 
in an Alaskan population showed that the elevated daytime levels of this hor¬ 
mone in winter are linked to SAD-like symptoms. 88 

By contrast, the abnormalities in the daytime levels of melatonin in SAD 
have not routinely been seen by several other groups. 51 ’ 70 ’ 89 90 The abnormally 
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high daytime of melatonin may have extra-pineal origin, and further experi¬ 
mental studies are necessary to understand whether the daytime levels of this 
hormone have a role in the clinical picture of SAD. 83 

It is not clear whether excessive levels of circulating melatonin due to a 
prolonged secretion or a compromised elimination might cause SAD 
symptoms, or whether they are merely an epiphenomenon of other factors, 
such as dysfunctions of neurotransmission. The latter were suggested by 
several hypotheses. In particular, according to Depue et al. there is a state- 
dependent reduction of dopaminergic activity in SAD. 9192 Abnormal reg¬ 
ulation of the serotonergic system has been also suggested. In this regard, 
the seasonal fluctuations of serotonin metabolism that is also present in 
healthy individuals, was suggested to be of greater magnitude in patients 
with SAD. 89 

3.6. Photosensitivity 

Some recent evidence gives support for the suggestion of abnormal photo¬ 
sensitivity in SAD. This may explain some circadian rhythm alterations noted 
in patients with SAD. For example, the decrease in plasma melatonin levels 
that normally occurs in the early morning is delayed by 2 hours 93 and the rest- 
activity rhythm is delayed by up to 70 minutes with respect to healthy con¬ 
trols. 94 As discussed in detail below, the importance of the circadian rhythm 
of melatonin in the pathogenesis of SAD is addressed by the hypothesis that 
the treatment of choice for SAD is morning light therapy, which acts by 
inducing a phase advance of the circadian rhythms. 45 95 

Abnormal photosensitivity may also be due to retinal dysfunction. 96 
Exposure to light sets into motion a cascade of biochemical reactions in the 
retina that brings about the amplification and transmission of the signal 
towards the cerebral cortex, and influences the loss of the retinal cell mem¬ 
branes. The number of cells stimulated is proportional to the intensity of 
light exposure. 97 Another suggestion concerns the mechanism of light adap¬ 
tation. In prolonged exposure to light, photoreceptor cells normally adapt at 
different levels of illumination, according to a mechanism known as photo¬ 
stasis. In SAD, the mechanism of photoreceptive adaptation would be com¬ 
promised at low levels of illumination in particular. This suggests that there 
is reduced sensitivity to light, agreeing with the data obtained from the 
recordings of electrooculography in patients with SAD. 98 


4. Circadian Phase in Winter Depression 
4.1. Circadian Phase Delay 

The association of winter SAD with the reduced length of day, and with the 
response to bright light suggests that this disorder might be related not only 
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to changes in the duration of melatonin secretion, but also to changes in the 
phase of melatonin and other circadian rhythms." When early experiments 
did not confirm the assumption that the extension of day length is critical for 
the antidepressant effect of bright light, another chronophysiological 
responses to light were proposed. In particular, the normalization of abnor¬ 
mal phase positions of circadian rhythms was thought to be of significance 
for seasonal course of manifestation of depressive symptoms, and therefore 
the phase shifts were tested as a possible mechanism of action of bright light 
for SAD. According to the phase-shift hypothesis, 95 the timing of endoge¬ 
nous circadian rhythms in most SAD patients are abnormally delayed with 
respect to the actual time or their sleep time, and bright light in the morning 
can correct this abnormality by advancing the phase position and reducing 
phase angles between the circadian rhythms and sleep-wake cycle. 

In studies of masked body temperature rhythms in SAD patients, neither 
the baseline delays of phase position, nor advances produced by bright light 
therapy have been observed. 50 85 ’ 89 ’ 100 102 Under the constant routine, however, 
both the prior delay and the advance following morning bright light have 
been reported for such key markers of the circadian phase position as mela¬ 
tonin, body temperature and cortisol. 61103 In another study using constant 
routine 54 ’ 104 the finding for two markers - melatonin and temperature - were 
not always positive, but, anyway, the circadian rhythm of body temperature 
was found to tend to be delayed in winter, and parameters of the rhythm were 
advanced after midday light exposure. 

Studies of pretreatment melatonin phase and the subsequent shift follow¬ 
ing bright light treatment in winter depression have yielded inconsistent 
results. A phase delay of this rhythm in depressed SAD patients has been 
noted in a number of studies. 90 105 107 However, there are also many reports of 
a normal phase position. 54 ’ 70 ’ 89 ’ 108 ’ 109 Moreover, a phase advance of the 
rhythm following bright light treatment has been reported 45 ’ 70 ’ 90 ’ 95 103 106 110 but 
not unanimously. 54 89 107 109 Therefore, the significance of the pre-treatment 
phase delay and the post-treatment phase advance of the melatonin rhythm 
by morning light for the clinical response can be challenged in general. 

As an alternative, Thompson et al. suggested that there may be instability 
of circadian rhythms in SAD that is mediated by a high-amplitude phase 
response curve (PRC), rather than a fixed phase abnormality. 70 Another expla¬ 
nation suggests that bright light does not shift the phase of circadian pace¬ 
maker, but shifts only the phase of the overt rhythms by simple strengthening 
of the pacemaker’s effect on them. 111 Thus, the phase shift models proposed 
to explain the mechanisms of SAD and light therapy remains controversial. 

4.2. Phase Delay and Hypersomnia 

Hypersomnia and morning fatigue have been regarded as signs of the 
delayed circadian rhythms. 24112113 In a number of studies, the symptom of 
hypersomnia has shown to be a predictor of the clinical response to bright 
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light therapy in SAD. 114120 Besides, the marked correlation between difficul¬ 
ties in awakening and the severity of depression was reported. 121 In some 
study samples, however, the symptom of hypersomnia has not been very 
common, and SAD patients with hypersomnia had responded well to 
evening or nighttime bright light, although this does not result in advance of 
the circadian phase. 112 

Avery et al. assumed that a phase delay of circadian rhythms relative to 
sleep might explain why SAD patients experience hypersomnia. 61 Indeed, 
under conditions of constant routine which lead to the internal desynchro¬ 
nization, or mismatch, the minimum of core body temperature tend to be 
delayed relative to sleep onset, and subsequently the sleep duration is often 
longer than the usual. 122123 

4.3. Comparison of Morning and Evening Light 

The findings of possible differential response to bright light in the morn¬ 
ing and evening hours are still inconclusive. Recently, the earlier findings 
of the superiority of morning light over evening light have been replicated 
by several groups. 124 ' 126 However, no marked differences in the antidepres¬ 
sant response have been discovered in most studies using a parallel design 
with random assignment to time of morning and evening treat¬ 
ment. 48 ’ 86107127 In general, bright light has efficacy at most times of day 
(for review, see 41112 ) 

The meta-analysis of light treatment data 44 also did not provide evidence 
for phase-shifting hypothesis, because the antidepressant effect of a single 
pulse of light was found to be similar for morning, midday, and evening 
light, whereas antidepressant effect of the combination of morning-evening 
light regime was superior to a single pulse of light administered at other 
times of day. 

There could be individual differences between patients with SAD in 
response to morning or evening light. Lewy et al. reported of a marked cor¬ 
relation between the decrease in symptom ratings and the degree of phase 
advance, and concluded that early morning bright light cannot be recom¬ 
mended for those patients with early morning awakenings and crushing 
evening tiredness. 128 

Although there is a positive association between the advanced phase position 
and antidepressant response in several studies, 45 127 ’ 129 there are also reports of 
a negative association. 61 ’ 102 Hence, the causal link between the phase shifts and 
antidepressant response in SAD still needs verification, 9 ’ 70 108 ’ 110 ’ 117 ’ 130131 and 
finally elucidation of molecular mechanisms of action. 

4.4. Order Effect 

It was noted that evening light did not augment the following response 
to morning light, whereas morning light inhibited the following response to 
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evening light. 41132 Therefore, Rosenthal and Wehr suggested that there is a 
circadian variation in sensitivity to the antidepressant responses to light. 3 
Morning bright light may advance the sensitive phase in a way that subse¬ 
quently administered evening light may fall upon the inert portion of the 
PRC. 

Although the typical PRC for mammals suggests that any response to light 
in the middle of the day is weak, the phase-shifting effect of daytime expo¬ 
sure to light was reported for healthy individuals. 133 Therefore, it seems that 
the human circadian pacemaker keeps up the sensitivity to light throughout 
the subjective day, and that midday bright light still able to advance the cir¬ 
cadian phase. However, the positive findings of clinical efficacy of schedules 
of bright light varying day by day disagree with the hypothesis of compro¬ 
mised circadian clock function in SAD. 47 " 49 

Taking together, these results are arguing against the hypotheses postulat¬ 
ing the important contribution of chronobiological mechanisms to the anti¬ 
depressant action of bright light. The findings concerning the effect of bright 
light on the circadian phase position in SAD provide little evidence for the 
view that phase shifts are the key to the pathogenesis of winter depression or 
the efficacy of light therapy. Phase shifts, however, may play a partial role in 
the emergence of depressive symptoms in winter and remission following 
bright light treatment. 


5. Physiology of Winter Depression 

5.7. Physiological Responses to Bright Light 

The physiological changes in SAD seem to be more variable than just alter¬ 
ations of circadian rhythms and sleep. The system of body temperature reg¬ 
ulation might be also involved in the symptoms often seen in clinical picture 
of SAD, and, in some cases, the circadian regulation of sleep might be nor¬ 
mal, but alterations in sleep related events, such as regulation of core body 
temperature, may influence the occurrence of disordered sleep. 

In the depressed patients with SAD, the band-specific electroencephalo¬ 
gram of non-REM sleep resembles those who have been sleep deprived. 134 
Among SAD patients, there might be normal production but slow elimina¬ 
tion of circulating melatonin and, in addition to this, poor cooling activity of 
the brain during NREM sleep. 134 Whether these two phenomena are truly 
linked to one another is not clear. 

The signs of improvements in several physiological systems were found to 
be associated with therapeutic benefits treatment of SAD with bright light 
(i.e. 20 ’ 127 ’ 135 ) and physical exercise. 55 In the study of 4 physiological responses 
to light, namely, 1) advance of circadian phase, 2) increase in energy expendi¬ 
ture, 3) activation of sympatho-adrenal system, and 4) intensification of non¬ 
rapid eye movement sleep, each of these responses was found to be positively 
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associated with remission of the depressive symptoms. 20 127 However, the 
results provided little evidence of strong association between clinical response 
and any single physiological response. Moreover, the association between 
these 4 physiological responses was either weak or insignificant. It was con¬ 
cluded that none of the responses plays a critical role in antidepressant action 
of light. In the case of favorable response to the treatment, several additive 
responses (multi-component physiological response) are observed. 127 

In the discussion of the study findings, 127 the notion was made that the 
results of correlational analysis could not prove that SAD is mainly produced 
by physiological abnormalities. It remains possible that the link between ther¬ 
apeutic and biological effects is not casual, or that the physiological changes 
are consequences rather than causes of the psychic disturbances. Thus, cor¬ 
relational evidence leaves open the question of causality, although, in gen¬ 
eral, the findings pointed to a certain pathogenic and therapeutic significance 
of the mechanisms of physiological regulation in SAD. 


5.2. Seasonality of Neurovegetative Symptoms 

The results epidemiological study of seasonal variations in depressive symp¬ 
toms 20 were similar to the physiological results in that they show neither 
close associations between the responses of mood and physiological systems 
to changes in illumination, nor close interrelations between the responses of 
separate physiological systems. The seasonal variations in mood and well¬ 
being were synchronized with variations of ambient temperature aver¬ 
aged over 10-year period, but do not follow closely seasonal variations of 
photoperiod. Moreover, they significantly lag behind the variations of the 
majority of neuro-vegetative depressive symptoms (i.e. those reflecting such 
physiology as sleep length, sleep onset/termination, and metabolism), being 
synchronized only with arousal/energy symptoms. 

Besides, it was found that annual curves of some other psychic symptom 
also can run ahead compared to mood and energy cycles and behind the pho- 
toperiodic cycle. For example, the curve for the symptom of social with¬ 
drawal reminds the curves of metabolic symptoms (i.e. the changes in weight, 
appetite, and alcohol consumption). Thus, although annual variation in the 
length of day seems to be one of very important seasonal timers for some 
depressive symptoms (i.e. such as problems with sleep onset/termination), the 
majority of most common SAD I symptoms appear to be under more or less 
marked modulating influence of ambient temperature and, possibly, some 
other environmental factors. 20 

5.3. Physiological and Psychological Responses 

In general, the study of seasonal variation of SAD symptoms suggest that 
seasonality of the phase and duration of melatonin secretion may have a 
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role in the emergence of some but not all vegetative symptoms of SAD. 
Hence, photoperiod appears not to be the only important determinant for 
seasonal variations in mental and vegetative symptoms. It is likely that some 
symptoms oscillate more in phase with ambient temperature rather than 
with photoperiod. Further, these symptoms may originate from seasonal 
deviation in systems that are not involved in the photoperiodic and circadian 
time measurement. 17 

Since both the photoperiod and ambient temperature may independently 
trigger changes in several systems of physiological regulation, this may partly 
explain the contradicting results of the pathogenesis of SAD. Most experi¬ 
ments have been designed to test only one physiological abnormality, while 
the action of bright light may be mediated not in a single, but in several dif¬ 
ferent ways, such as suppression of melatonin secretion, advance of the cir¬ 
cadian phase position, increase in non-REM pressure, elevation of brain 
temperature, increase in metabolic rate and adrenal activity, etc. Each of 
these changes may not be observable in all SAD patients. 


6. Psychology of Winter Depression 
6.1. Placebo Effect 

Because winter SAD patients associate their depression with a dark season 
and related neuro-vegetative problems, the positive expectations for benefi¬ 
cial action of bright light appear to be much stronger for this form of depres¬ 
sion compared to non-SAD depression. Although the parallelism was 
reported in dynamics of mood state and physiological well-being, not all 
changes are running in synch, and, besides, there is no solid evidence of 
causal role of physiological disturbances in development of depression. 
Additionally, physiological influence cannot explain several facts reported by 
investigators of the efficacy of bright light as antidepressant (i.e. such as 
higher efficacy of the open bright light trials compared to efficacy of phar¬ 
macological antidepressants in trials designed as double blind cross-over 
comparison of placebo with active treatment). It might be suggested that the 
contribution of patients’ physiology in development of winter depression and 
effects of its antidepressant treatment is of less importance compared to 
placebo response. 

Placebo response remains the main challenge for the investigational bright 
light trails, because patients cannot be “blind” to such interventions as bright 
light therapy, physical exercise treatment and sleep deprivation. The placebo 
effect is hardly controlled even in comparisons of presumably less and more 
effective treatments due to their visibility (i.e. bright vs. dim light). 

Moreover, it is impossible to minimize or control the placebo effect even 
when active and placebo treatments are undistinguishable. The placebo 
patients are not really left untreated. For example, in the study of Putilov 
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et al. 17 half of SAD group was blindly assigned to placebo after sleep depri¬ 
vation, while another half was on melatonin treatment. Unlike melatonin, the 
placebo substance was pharmacologically inert. However, it had symbolic 
value for those depressed subjects who hoped to improve. Additionally, being 
the participants of sleep deprivation and other research procedures, the 
patients received information on their symptoms and possibility to verbalize 
their problems. They also obtained psychological support from physicians, 
research assistants and other participated subjects. Thus, the mood stabiliz¬ 
ing effect in both placebo and melatonin groups may be attributed to the psy¬ 
chotherapeutic action of the experimental trails, and we have to be cautious 
with interpretation of clinical benefits of such novel treatments as melatonin 
or bright light. 

6.2, Expectations for Bright Light 

Meta-analysis literature on any antidepressant treatment shows that in the 
vast majority of investigational trials the depressed patients assigned to 
placebo exhibit substantial symptom reduction (i.e. 136 ). It is known that placebo 
response is dose-dependent (i.e. see examples in 137 ). Many results on com¬ 
parison of light treatment effects point on the importance of pre-treatment 
expectations as modulators of antidepressant response to different non-drug 
treatment in “placebo-counting” manner. 

Both in seasonal and non-seasonal depression bright light produce 
faster antidepressant benefits than pharmacological treatment (see 
review 138 ). This may be considered as an argument for importance of ther¬ 
apeutic expectations in both patients and researches. Bright light trials 
seem to produce more positive expectations compared to the pharmaco¬ 
logical trials with implementation of the randomized, double-blind, 
placebo-controlled design. In other words, light therapy can provide a bet¬ 
ter antidepressant response compared to active or placebo pills, because it 
is easy for patients to recognize what is, in accordance to their beliefs, a 
real antidepressant and what is a placebo or weaker antidepressant (i.e. 
treatment that is weaker due to lower intensity or shorter duration or inap¬ 
propriate timing). 

6.3. Expectations for Light from Lamp and Visor 

The findings of crossover comparison of the effects of different light timing 
and intensity on mood in winter depression suggest that patients’ and 
researchers expectations are important modulators of the treatment out¬ 
comes. They point on correlation between initial expectancy score and mag¬ 
nitude of the antidepressant response. The pre-treatment expectations in 
general were found to be rather high. Moreover, for the benefits from morn¬ 
ing light they were higher than for those of evening light (i.e. 106 ). Similarly, 
the initial expectancy scores for both dim and bright light treatments were 
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rather high, and, additionally, bright light was expected to be more effective 
than dim light (i.e. 2 ). In agreement with the pattern of patients’ expectations, 
these studies showed the superiority of morning light over evening light and 
superiority of bright light over dim light, respectively. 

In contrast to the studies with light emitted by lamps 41 when it is rather 
easy for a patient to make conscious or unconscious prediction on which of 
the treatments would be most effective, in the studies of the antidepressant 
effects of visor the prediction seems not to be so simple. It might be 
expected that both bright and dim light or green and red light are similarly 
effective due to closeness of light source to the eyes. This uncertainty 
appears to complicate distinguishing between different lights in “placebo¬ 
counting” manner. The evaluations of initial expectancy scores in the visor 
studies indicated that, indeed, patients had the same expectations for ther¬ 
apeutic effects of proposed active and placebo treatments (i.e. 139 ). Again, 
the clinical outcome in the studies with head-mounted devices agreed with 
the pattern of patients’ expectations: no relationship to intensity, color or 
duration was found. 

6.4. Expectation and Study Design 

The literature on timing of light treatment for SAD also shows that the 
answer on the question on importance of the treatment timing depends upon 
the design of clinical trial. For example, rather strong and similar beneficial 
responses to morning and evening light were found in those studies where 
patients were not cross over for another treatment (i.e. 49 107 127 140 ). 

By contrast, the preferential response for morning light was mostly found 
in those trials where thoughts were concerned by a cross-over design aimed 
at comparing light exposure in the morning with that in the evening 

0 e 42,61,95,106,141,142) 

6.5. Expectations and Order Effect 

In the trials applying a parallel design, inter-individual differences in ther¬ 
apeutic response embarrass the statistical comparison of the treatment 
groups. However, the use of a cross-over design for bright light investiga¬ 
tional trials is also limited, because the reports suggest a substantial order 
effect (the studies of morning and evening bright light in SAD were 
reviewed by 41 ). 

As it has been noted 132 the meta-analysis based on results of several 
groups, suggests that superiority of morning light in the studies with cross¬ 
over design was noted when morning light is given first and evening light 
is given second. The evening light, when given first, is comparable to 
morning light given first. Similarly, red light was almost as powerful anti¬ 
depressant as green light when it was the first treatment, while green light 
given first was superior over second treatment with red light. 143 Besides, 
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the superiority of morning bright light was not seen when the treatment 
consisted of two days of morning plus two days of evening bright light and 
vice versa. 140 

Possibly, the placebo effect of any first treatment mimics the differences 
between more and less optimal treatment (if, of cause, they are really exist). 
The success of the first treatment with morning or green light would encour¬ 
age the patients to make an unconscious conclusion that the first effect dif¬ 
fer from the effect of the following, supposedly less effective, treatment. If 
the first treatment is evening or red light, they also expected to be effective, 
and no reason to belief that following morning or green light is worse than 
the first treatment. Again, the reason for the difference between morning 
and evening light or between green and red light would arise mostly from the 
differences in the pre-treatment expectations. The first treatment with morn¬ 
ing or green light provides patient with knowledge of their high efficacy. 
After this, the second treatment is evaluated more critically to support pre¬ 
treatment expectations for superiority of morning or green light over 
evening or red light. 

6.6. Expectations of Researchers and Patients 

It is very natural for the researchers and physicians unconsciously stimulate 
a placebo response in the patients when their own believes in the treatment 
efficacy coincide with patients’ hopes. One of contrast examples are the 
results of Eastman and Siberian groups due to difference between them on 
the attention they paid to the placebo issue. The Eastman was most con¬ 
cerned by the placebo action of bright light. 137 In the investigations of her 
group the extremely careful attention was devoted to controlling placebo 
effects in assessing treatment benefits of morning and evening lights. Several 
years of regular trials passed before this group finally found the significant 
benefit of morning bright light. 102 124 However, compared to this benefit, 
much bigger and faster improvements were reported by the majority of other 
(as we can guess, less skeptical) investigators. 

Unlike the Eastman group, most of the Siberian studies 20 ’ 50 55 ’ 86 ’ 127 144 did 
not focus on the differences between clinical effects of active and placebo 
treatments. This very dubious for patients’ mind issue was not mentioned in 
the treatment consents. Instead, the main question of the investigation was 
whether the objective physiological measures correlate with treatment 
response, whether this correlation depends upon treatment timing, etc. (i.e. 
20 127 ). Consequently, the antidepressant responses in Siberia were found to be 
among the highest. 

6. 7. Effect of Bright light for Non-Seasonal Depression 

In contrast to consensus on the usefulness of bright light for winter depres¬ 
sion, its benefits for patients with non-seasonal depression are not generally 
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accepted (see 39 ’ 138 ). There were reports of both positive 145 147 and negative 
findings 148 ’ 149 as well as the reports indicating that the clinical response in 
non-seasonally depressed patients is modest compared to that in patients 
with winter depression. 55 108 150 The differences between the seasonally and 
non-seasonally affected may be attributed, at least in part, to differences 
between these diagnostic groups in heterogeneity of clinical symptoms, rate 
of spontaneous remission, and vulnerability to have comorbid psychic and 
somatic illnesses. However, another important reason would be the differ¬ 
ences in psychological aspects of the responses to non-drug treatments in 
SAD and non-SAD. 

6.8. Expectations in Seasonal and Non-Seasonal 
Depression 

It is likely that the positive expectations for antidepressant action of bright 
light are much stronger in seasonal depressives who, unlike non-seasonal 
depressives, associate their depression with winter season, and, therefore, 
light might have a symbolic value for SAD. Indeed, data of all trials are 
agreed in that SAD patients exhibit better response to bright light compared 
to those with non-seasonal mood disorder. 

Bright light treatment contrasts with sleep deprivation and physical exercise 
in this respect. It is not reasonable to suggest a dramatic difference in expec¬ 
tations for the effects of these treatments in SAD and non-SAD. Indeed, the 
comparison of the effects of bright light with the effects of physical exercise 
or sleep deprivation support this suggestion. It was found that sleep depriva¬ 
tion was equally effective for SAD and non-seasonal mood disorder. 21 Besides, 
physical exercise was also found to be an effective treatment for both SAD and 
non-SAD patients. The exercise treatments differed from bright light treat¬ 
ments in that only former showed rather high efficacy for both SAD and non- 
SAD. 55 Nevertheless, the results indicate that, in general, non-SAD patients 
tended to respond worse to any treatment compared to SAD patients. 

6.9. SAD Personality 

Again, the fact that patients with SAD benefit more from non-drug therapy 
than those with non-seasonal mood disorder might be, at least partly, 
explained by the difference between them in the magnitude of placebo 
response. The published reports of the double-blind pharmacological studies 
support this explanation, because they suggest very high responsiveness to 
drug placebo in SAD patients (i.e. 151 ). 

The comparison of SAD patients with patients without seasonality on the 
personality characteristics 152 revealed that they significantly differ on only 
one of five dimensions of the five-factor model of personality. Namely, SAD 
patients scored higher than non-SAD patients on the openness dimension. 
Based on these results, SAD was suggested to be a psychologically distinct 
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subgroup of depressed patients. They seem to be more imaginative, more 
emotionally sensitive and they more likely to entertain unconventional 
ideas. 152 It is reasonable to suggest that this personality trait may account, at 
least in part, for higher responsiveness of the individuals with SAD to inno¬ 
vative light treatments. Such a treatment provides a novel and interactive 
experience that increases positive pre-treatment expectations and stimulates a 
strong placebo effect. 

6.10. Some Other Pieces of Evidence for Role 
of Expectations 

The investigators of light treatment effects for which the contribution of psy¬ 
chological rather than chronophysiological factors in antidepressant action 
might be considered as the best explanation collected a set of paradoxical 
facts. Several of them are listed below. 

It was noted (i.e. 153 ) that the extent of reduction of atypical depressive 
symptoms after the first hour of treatment predicts the final therapeutic out¬ 
come. It is unlikely that such a short exposure to bright light may produce 
immediate effect on mood via alteration of the parameters of physiological 
rhythms. More plausible explanation of the rapid antidepressant response to 
light is the impact of positive pre-treatment expectations in the therapeutic 
outcome. 

The placebo explanation looks reasonable for paradoxical fact reported in 
the study by Richter et al., who compared the effects of real light treatment 
and imaginary light treatment (i.e. during the hypnotic session patients were 
made to imagine that they perceived bright light). 154 No statistical differences 
in treatment outcomes were found. Such a difference was detected only at day 
10 after the treatment: the effects of the imaginary light were gone, while the 
effects of real light treatment were still observed. 154 

The conflicting data on the duration of relapse after successful light treat¬ 
ment is another paradoxical fact of light treatment studies. Some researchers 
stated that relapse occurs within 3 to 4 day after withdrawal (i.e. 155 156 ), while 
other groups observed remission that lasted longer 157 . Besides, solid data 
were provided on the increase in response percentages at 10 th day after treat¬ 
ment compared to the 3 rd day. 49 These discrepancies resemble the above-men¬ 
tioned contradicting reports on treatment outcomes for bright light. To our 
minds, they argue against the suggestions of a certain strong physiological 
background for the antidepressant response. 

In general, the remission rate for bright light is rather high compared to 
that reported in pharmacological studies. The most reasonable explanation 
for this is a high level of therapeutic hopes, especially in a study with parallel 
design that, albeit a cross-over controlled trial, does not include a placebo or, 
at least, less active treatment for a given patient. This conclusion is comple¬ 
mented by the reports on close correlation between positive pre-treatment 
expectations and beneficial antidepressant action of bright light for winter 
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depression. Thus, placebo effect seems to account for a large portion of the 
therapeutic response. 

7. Explanation of Winter Depression 
and its Treatment with Light 

7. 1. Evolutionary Psychology of Depression 

The facts suggesting that the efficacy of elaborative bright light treatments 
might be to a large extent attributed to the placebo response agree with the 
hypotheses that conceptualize depression as an evolved psychological fea¬ 
ture. In brief, one of the particular explanations (i.e. 16 21 is based on idea that 
SAD, as any other depression, might be mainly considered as a general emo¬ 
tional response to negative psychosocial factors. However, the seasonal form 
of depression has some specific features that require a more complex expla¬ 
nation. In particular, it could results from the combined action of negative 
psychosocial factors, from one hand, and seasonal variations in physical 
environment, from another hand. However, the former could be of the most 
importance than the latter. The effects of psychosocial and physical envi¬ 
ronments would meet on the level of biochemical mechanisms, because they 
would be either the same or related or interact in additive manner to produce 
similar brain reactions in response to these distinct external factors 

In more detail, it is known 158 that different situations people living in dif¬ 
ferent cultures all show very similar facial, gesture, postural, and physiologi¬ 
cal signs of pain and sadness. The behavior signals of bad feeling, such as 
physical and psychic pain, grief, despair, and sadness, are universal (cause- 
and culture-independent). They remind those of infants and children. The 
response of the members of kin group to these nonspecific signals of suffer¬ 
ing pain and sadness is similar to a parental response. This response is usu¬ 
ally aimed on termination of the painful stimulus or, if it is not possible, on 
consoling, comforting and giving help and support. 158 

More specifically, the emotions as sadness, grief and despair might be 
understood as the evolved non-verbal signals aimed on alarming social envi¬ 
ronment about subjective experience of considerable lose, failure or other 
events associated with decrease or threat of decrease in inclusive fitness. The 
mental state that we call “depression” might be conceptualized as a response 
on insufficiency of feedback signals on this signal from the kin group. In other 
words, the suffering person, exposing his/her emotion, unconsciously expects 
appropriate reaction from his/her close social surrounding (i.e. extended fam¬ 
ily). The development of full-blown depression might be the secondary 
response on luck of unconsciously recognized signs of support and protection 
along with calming, consoling, expression of empathy, sympathy, etc. 

The disruption of extended family in modem industrial societies led to defi¬ 
ciency of psychosocial mechanisms that evolved to protect the social individu¬ 
als from depression. As a result, different forms of depression increase in their 
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rate in these societies compared to the traditional societies or the same societies 
just several decades ago. The psychosocial components of modem therapy 
sometimes partly counteract to the effects of this deficiency. These are mostly 
the components that we call “placebo effect”. 21 Thus, the evolutionary psycho¬ 
logical explanations predict that psychosocial risk factors, especially those 
related to social support, play the critical role in manifestation of depression. 
In particular, findings on postpartum depression 159 ) fit well in this prediction: 
this condition seems to be closely associated with poor social support. 


7.2. Psychosocial Risk Factors 

The hypothesis suggests that seasonal depression is not an exception in the 
respect of its dependency from social environment. However, up to now, 
SAD has been understood as condition that develops in response to periodi¬ 
cal changes of physical environment, and, therefore, the influence of these 
periodicities on bodily functions has been considered to be the primary and 
most important cause of seasonality of mood. Following this paradigm, the 
researches have not focused their studies upon non-periodic psychosocial risk 
factors as possible causes of seasonal depression. 

Only recently, the contribution of psychosocial risk factors in SAD has 
been tested and confirmed to be significant. These reports provide evidence 
for association of poor social support with seasonality of mood 160,161 or with 
diagnosis of winter type of SAD. 21162164 

For biological theories of seasonal depression, the association of mood 
seasonality with poor social support is unpredicted finding, but it is in agree¬ 
ment with evolutionary psychological explanations of depression. 

7.3. Patient-Physician Pretreatment Interactions 

Some facts collected by light treatment researches provide further support for 
these explanations. For example, Geerts et al. reported that non-verbal 
behavior and communication between physician and patient during pre¬ 
treatment interview has a predictable value for future therapeutic benefits of 
bright light therapy. 165 

In another study 166 a high-pitched voice with small variation in this pitch 
was found to be a predictor of benefits from light therapy. It was suggested 
that bright light treatment gives extra comfort in “tense” patients, who 
become rapid responders to this treatment. Thus, psychosocial component of 
physical treatments for SAD and non-SAD seems to play an import role in 
clinical response and, therefore, it requires further elaboration. 

7.4. Psychological Correlates of Seasonality 

Seasonal psychosocial risk factors are excluded from the diagnostic of SAD. 
Therefore, it is necessary to explain how non-periodical psychosocial factors 
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could provoke such seasonally manifesting form of affective illnesses as win¬ 
ter depression. 

Sometimes, the contribution of psychological factors in seasonality of 
depression might be unconsciously hidden by a patient. In particular, it was 
found 167 that the depressive episodes could be anniversary reactions associated 
with intense traumatic experiences in childhood, adolescence or adulthood. The 
time and sometimes the place of the traumatic event acted as triggers eliciting 
the clinical symptoms. Thus, anniversary reactions may constitute a subgroup of 
seasonal mood disorders, which are precipitated primarily by psychological fac¬ 
tors rather than climatic conditions. Besides, patients might unconsciously 
replace the real but traumatic psychosocial cause of their depression by more 
neutral but less traumatic physical cause, such as winter darkness. 

7.5. Neurochemical Correlates of Seasonality 

Most cases of SAD, however, can not be explained by seasonality of psycho¬ 
logically traumatic events, because, unlike statistics for other mental disor¬ 
ders, hospital admission statistics for depression and mania that shows 
significant seasonal patterns with the incidence of depression being highest 
in winter. The suggestion for most cases would be that the brain biochemistry 
is influenced in additive way by negative social information, from one hand, 
and season of the year, from another. 21 

Negative social input associated with unpleasant feelings, such as sadness, 
loneliness, luck of interest, withdrawal from participation in normal activity 
and the like, directly alter brain neurotransmitter regulation. Additive sea¬ 
sonal change in these neurotransmitter systems in the same direction can 
become a triggering event for full-blown depression, although these changes 
as such do not exceed normal or subclinical range. 

7.6. Serotonergic System and Social Interactions 

Despite possible positive relation between serotonergically induced changes 
in mood, from one hand, and serotonergically induced changes in chrono- 
physilogical functioning, from another, they need not be causally related. It is 
likely that mood disturbances are mostly induced by direct effect of psy¬ 
chosocial factors on brain biochemistry. 

The idea that social information can influence the brain functioning is not 
new. The studies of neurotransmission in monkeys 168 169 might serve as a well- 
studied example. They showed that central (brain) serotonin sensitivity and 
peripheral serotonin levels are positively related to social status and prosocial 
behavior (i.e. grooming). These indexes of serotonergic neurotransmission 
directly react on alterations in social status. They are dropping down with its 
lowering and rising up with the opposite change. The number of submissive 
displays from low-status monkeys serves as social information that primarily 
responsible for initiating such biochemical changes. 
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7.7. Serotonergic System and Circadian Physiology 

Among reported seasonal fluctuations of the major monoamine transmitters 
implicated in mood disorders (i.e., serotonin, dopamine and norepinephrine), 
the magnitude of changes seems to be the greatest for the serotonergic system 
(i.e. 170 ). This fact provided a rationale for hypotheses considering serotoner¬ 
gic dysfunction as the major cause of SAD. Hence, the important progress 
has been made in a search for evidence of involvement of this neurotrans¬ 
mitter in winter depression (see, i.e. 4 ). 

Moreover, recent findings have highlighted important relations between 
serotonin and regulation of circadian rhythms and sleep-wake cycle. 
Serotonergic system participates in modulation of photic and non-photic 
responses of the SCN (i.e. 171172 ). In particular, serotonergic projections from 
the midbrain raphe nuclei to the SCN regulate the photic entrainment of cir¬ 
cadian clocks (i.e. 173,174 ). It was hypothesized that some seasonal alterations 
of circadian phase and its response to bright light in SAD may be secondary 
to impaired serotonergic function in the afferent pathways to the SCN. 70 

7.8. Serotonergic System and Sleep 

Earlier, we suggested 8 that the reported seasonal differences in EEG sleep 
between winter depressed and controls might be understood as mediated by 
the mechanisms of serotonergic regulation of sleep. Such an explanation pre¬ 
dicts that mood state and sleep regulation in winter depression might be 
linked, because they both are related to the same neurochemical mechanism 
of action (i.e. serotonergic neurotransmission). 

Recent findings highlighted important relations between serotonin and 
regulation of circadian rhythms and sleep-wake cycle. Serotonergic path¬ 
ways are likely involved in the SCN projections to effector systems control¬ 
ling sleep and wake functions. In particular, the data suggest that 
interleukin-1-induced enhancement of non-rapid eye movement sleep is 
mediated, in part, by the serotonergic system (i.e. 175 ), and that certain sero¬ 
tonin receptors subtypes are implicated in regulation of slow-wave sleep. 176 ) 
Besides, serotenergic regulatory mechanism appears to contribute not only 
to the regulation of the sleep process, but also, in an opposite manner, to 
regulation of the waking process. 177 Thus, serotonergic system can con¬ 
tribute to the observed alteration of sleep structure in patients with major 
depression 19 ) and SAD. 8 20 - 127 

7.9. Social Interactions and Sleep 

Despite possible involvement of the same neurotransmitter system (or systems) 
in seasonal changes of both mood and sleep, the latter is unlikely to be the pri¬ 
mary cause of the former. By contrast, the possibility of the opposite causal 
relationship is not excluded. Low brain serotonergic activity in wintertime 
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could trigger depression in the presence of negative psychosocial factors, 
although in the absence of these factors, it still could not disrupt the regulation 
of the sleep-wake cycle. The disruption, however, could become possible in 
response to the cumulative effect of low brain serotonergic activity over the 
winter, from one hand, and social input associated with depressogenic life 
events, from another. 

The evidence for influence of psychosocial factors on sleep regulation has 
been, in particular, provided by Meerlo et al in their experiment with slow- 
wave sleep regulation in mice. 178 The results of this study supported the 
notion that slow-wave sleep pressure and subsequent non-REM sleep inten¬ 
sity not only depend on the duration of prior wakefulness but also on the 
experience during waking (i.e. social defeat stress was found to accelerate 
the build up of sleep debt). 

Thus, the effects of psychosocial and physical environments on mood and 
physiology, respectively, would meet on the level of biochemical mechanisms 
in winter depression (i.e. they would be either the same or interrelated or 
interact in additive manner to produce similar brain reactions in response to 
these distinct environmental factors). Additionally, the alteration of patients’ 
psychic state might accelerate the changes in their physiology (i.e. sleep-wake 
pattern). In turn, change in the function of circadian pacemaker might have 
the same direction effect on mental functions and health. In general, however, 
the extent of similarity of the primary biochemical mechanisms underlying 
variations in depression symptom and sleep regulation in SAD cannot be 
clearly understood right now and it requires future research. 


7.10. Dualistic Hypotheses 

A dual-vulnerability hypothesis has been proposed in which SAD is sug- 
gested to result from separate depression and seasonality factors, each of 
which may have different pathophysiological mechanisms. 179 180 Another 
“dualistic” explanation 163 suggests that, by contrast, the primary biochemical 
mechanism underlying depression and seasonality might be the same (i.e. 
related to serotonergic system), whereas major environmental causes of 
depression and seasonality seem to be different (i.e. non-periodical psy¬ 
chosocial situation and seasonal changes in physical factors). 

The antidepressant response to bright light therapy was suggested to results 
mostly from interaction between mind and psychosocially significant compo¬ 
nents of treatment procedure. By contrast, chronophysiological response is 
mostly caused by physical components of this procedure. Both responses, 
however, might be mediated by the same biochemical mechanism (i.e. sero¬ 
tonergic regulation). Besides, the improvement might accelerate normalization 
of functions of the circadian clock, and this in turn might have a stimulating 
effect on mood. However, these interactions appear to be of less importance 
compared to the direct effect of psychosocially significant components of the 
treatment on brain biochemistry. 163 
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In other words, two separate environmental inputs (psychosocial risk fac¬ 
tors and abiotic periodicities, respectively) and two mostly separate outputs 
(mood and somatic changes, respectively) might be related to the same brain 
processes (i.e. serotonin neurotransmission). These psychic and somatic 
responses would not to be clear separated on the level of brain biochemistry. 
Besides, in the certain limits, two separate outputs could interact in mutually 
accelerating way on higher (i.e. physiological and psychosocial) levels. 


7.11. Summary on the Explanation of the Light 
Treatment Effects 

In sum, it is uneasy to find out which of treatment effects - physiological or 
psychological - mainly contributes to clinical response to bright light. Most 
likely, the main contributor is patients’ psychology rather than their physio¬ 
logy. The regulation of brain neurotransmitters is the first candidate to the 
biological background for both chronophysiology and psycho-sociology of 
winter depression. This means that any pure biological theory that stresses 
the disturbances in circadian rhythm, sleep regulation or neurotransmitter 
systems is too limited for theoretical understanding of SAD. There is, there¬ 
fore, a necessity to include psychosocial aspects in the theoretical framework 
of seasonal depression and light therapy. 

Bright light applied in the morning or midday or afternoon or evening 
markedly reverses the symptoms of SAD. In other words, the clinical response 
is achieved irrespective of the time of the treatment and proposed phase shift¬ 
ing effect. Other “visible” treatments, such as physical exercise in the middle of 
the day, are also effective treatment for SAD. Besides, any treatment including 
placebo, being combined with total night sleep deprivation, prevents relapse 
for, at least, one treatment week in seasonal depression . 21 The finding, in gen¬ 
eral, suggests that a contribution of placebo effect to the antidepressant 
response to a non-pharmacological treatment seems to be both practically and 
theoretically important issue. Although certain physiological effects of non¬ 
drug therapy might be significant for clinical improvement, they seem not to 
be critical. The depressed patients would improve preferentially to a particu¬ 
lar treatment, since it causes a better feeling of the expected normalizing 
changes in physiological functioning than other treatments. However, psycho¬ 
logical factors, such as patients’ positive pretreatment expectations and 
researches’ enthusiasm appear to contribute more considerably to antidepres¬ 
sant response. They can explain, in particular, why a non-pharmacological 
intervention is a more beneficial therapy compared to the pharmacological 
treatments in the studies with double blind cross-over design. 

To understand better the mechanism of mood and sleep regulation in SAD, 
this depression might be considered in evolutionary perspective - as an evolved 
feature of general emotional response to negative psychosocial factors. It could 
results from the combined action of these psychosocial factors, from one hand, 
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and seasonal variations in physical environment, from another hand, with for¬ 
mer being of the most importance. The effects of psychosocial and physical 
environments would meet on the level of biochemical mechanisms. They would 
be either the same or related or interact in additive manner to produce similar 
brain reactions in response to these distinct external factors. 
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Aberrant sleep EEG, 372 
Ablation, 270 
Abuse potential, 295, 298 
Accidents, 269 
traffic, 298 
Acebutolol, 264 

Acetylcholine (Ach), 95, 168, 297 
Acetylcholinesterase (AchE), 10 
Acetylcholine transporter (VAChT), 9 
Acid-base balance, 424 
Acromegalics, 437 
patients, 448 

Acromegaly, 424, 438-439, 447 
treatment of, 448 
Acromegaly-related OSAS, 448 
Acrophase, 63, 67 
Actigraphy, 252 
Actimetry, 260 
Actinomycin D, 68 
Active sleep, 2, 3, 479-480 
Active translocation, 488 
Active transport, 97 
Active waking, 5 
Activity 

adenosinergic, 9 
antimetastatic, 206 
ChAT, 10 
orexinergic, 8 

serotonin N-acetyltransferase (SNAT), 31 
sympathetic nerve, 93 
Actograms, 249, 251 
Adaptive homeostatic mechanism, 456 
Adenohypophysial cells, 78 
Adenohypophysial hormones, 76 
Adenohypophysis, 189 
Adenoidectomy, 449-448 
Adenosine A receptor mRNA, 8 
Adenosine A 2a 
agonists, 211 
receptors, 211 
Adenosine 297 
binding site, 207, 


Adenosylmethionine, S-, 273 
Adenotonsillectomy, 432 
Adenylate cyclase (AC), 9, 121-122 
activity, 138 

Adhesion molecules, 362 
Adipocytes, 433 
Adiponectin, 98 
Adrenal activity, 565 
Adrenal cortex, 74, 92, 140, 189, 489 
Adrenal glands, 192, 450 
Adrenal glucocorticoids, 11 
Adrenal hormones, 414 
Adrenal medulla, 99 
Adrenaline (ADR), 179, 190 
Adrenaline rush, 163 
Adrenaline, 89, 444 
Adrenergic 

agonists and antagonists, 206 
antagonist, pi-, 264-266 
beta-blockers, 81 
blockade p-, well-timed 559 
blocking agent, beta-, 276 
Adrenergic receptors, 164 
a 1-, 206 
P-, 206 

Adrenoceptor 

agonist and antagonist, 164-166, 173 
a 1-adrenoceptors, 172 
blocker, 171 

Adrenoceptors, a2- and P-, 166 
Adrenocortex, 377 
Adrenocortical axis, 184, 191 
Adrenocorticotrophic hormone (ACTH), 11, 
60,140-145, 502 
increased levels, 438 
in OSA, 423, 432 
plasma levels, 192 
response, 335 
secretion, 78, 338 

in sleep endocrine studies, 371-380 
synthetic, 378 

Advanced sleep phase syndrome (ASPS), 286, 
317, 361 
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Advanced sleep phase syndrome (Continued) 
inheritence of, 281 

diagnostic complication with sleep/wake 
disorder, 284 
pattern of, 280 
Age, 371, 503 
old age, 548 
related morbidities, 302 
Aggression, 137, 259 
Aggressiveness, 171 
Aging, 78, 295, 356, 373-374, 480 
accelerated, 448 

associated with 24-h increase of IL-6, 543 
males, 423 

Aging-associated alterations, 423 
Agitated, maniac states, 163 
Albumin 

D element-binding protein (DBF), 70 
extravasation of, 445 
Alcohol consumption, 564 
Aldosterone, 438, 440 
Alertness, nighttime, 269 
Algae, 

acetabularia, 68 
chimera, 68 

Alkalosis, respiratory, 452 
Allopregnanolone, 451 
Allostasis, 61 
Alopecia, 359 
Alphareductase, 5-, 451 
Altered circadian system, 504 
Alveolar ventilation, 437 
Alzheimer dementia, 281 
Alzheimer’s disease, 173, 300, 356 
Amineptine, 417 
Amnesia 

anterograde, 295, 298 
Amplitude, 63, 76 
Amydgala, 11, 203 
Amyloidosis, 499 
Analysis 

coprecipitation, 122 
Fourier analysis, 63 
spectral, 63 

Androgen, 433, 451, 455 
receptors, 451 
replacement therapy, 456 
Andropausal symptoms, 456 
Androstanedione, 415, 451 
Anemia, anticoagulant-induced, 492 
Anesthesia, 76 
Anorexia, 282 
infection-related, 488 
Anti anxiety effects, 207 


Antibiotics, 68 
Antibody 
production, 492 
response, protective, 491 
Antidepressant (AD), 6, 81, 298, 396 
tricyclic, 499 

Antidepressant effect, 192, 380, 557 
medication, 415 
pharmacotherapy, 415 
response, 559-570, 575-576 
Antiepileptics, 206 
Antigen, 489 
Antihomeostatic, 76 
Antihypertensive effect 
Anti-inflammatory 
agents, nonsteroidal, 548 
cytokines, 517 
effect, 362, 491 
mediators, 488 
Antinociceptive action, 206 
Antioxidant, 356 

Antisense oligodeoxynucleotides, 225 
Anxiety, 137-138, 549 
animal models of, 378 
Apes, 245 

Apnea-induced hypoxia, 424 
Apnoea-hypopnoea index (AHI), 441-442, 
452-454 
Apoptosis, 515 
Apoptotic cell death, 221 
Appetite, 282, 564 
decreased, 489 

Arachnoid membrane, 209-211 
Arctic winter, dark period of, 529 
Arcuate nucleus (Arc. N.), 146, 179, 189 
Area preoptica, 375 
Area under the curve (AUC), 96, 393 
Arginine vasopressin (AVP), 22, 70, 140, 179, 
246 

rhythmic release of AVP, 74 
Arginine vasotocin, 355 
Aromatic-L-amino acid decarboxylase 
(A A AD), 272-273 
Arousal and focused attention, 24 
Arousal hormone, 538, 548 
Arousal state, 22, 33 
control, 125 

Arousal system, 124-125 
histaminergic, 124 
monoaminergic, 297 
Arrest, of REM/NREM sleep 
abrupt, 230 
gradual, 229 
Arrhythmicity, 46, 69 
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Arterial blood pressure, 471 
Arylalkylamine-N-acetyl transferase, 
mutation in, 301 
Aschoff’s rules, 64 
Astressin, 377 
Astrocytes, 48, 51, 120, 488 
avian, 49 
brain, 52 
cultured, 50 

lactate fermentation of, 49 
Atenolol, 559 
Atherosclerosis, 433 

Athlete’s performance, improving for, 282 
Atonia, 6, 166, 182, 228, 229 
bilateral 221 
muscle, 229-230 

Atrial natriuretic peptide (ANP), 440 
Atrioventricular 
blocks, 480 
node, 471 
Atropine, 475 
Attention 
deficit, 259 
decreased, 558 
Autacoids, 73 

Autocorrelation coefficient (rRR), 474 
Autoimmune 
disease, 515 
hypothesis, 515-516 
endocrine relationship, 520-522 
process, 516 
Autonomic 
activation, 538 
activity, 480 

descendent pathways, 74 
diabetic neuropathy, 441 
hyperactivity, 184 
mechanisms, 82 

Autonomic nervous system activity during 
sleep, 471-481 

age-related changes in HRV, 477-479 
duality in sleep stage 2, 475-477 
HRV indexes: methodological aspects, 
472-475 

frequency domain indexes, 474-475 
time domain measures, 473-475 
sleep stage alternation, 479-480 
Autonomic nervous system, 72, 88-89, 93-96, 
102, 437, 479 
functions of, 61 
primary degeneration of, 300 
Autonomous circadian timing, 540 
Autoradiography, 141 
Autoreceptors, 138 


inhibitory, 6 
M2, 9 

somatodendritic, 142 
Autosomal dominant inheritance, 499 
Avian circadian organization, 43 
Avian circadian system, 47 
Awakening, 187 
index of, 332 
late, 559 

B 

Baboons, 244-245, 247 
Barbiturate (s) 
active site, 207 
anesthetics, 206 
Baseline sleep, 554 
Basket-stellate cells, 120 
Behavior (al) 
abnormal, 259 
cataplexy, 226 
disorders, 265 
ingestive, 88 
phenotypes, 266 
problems, 259 
repetitive, 259 

responses, autonomic and neuroendocrine, 
61 

rhythms, 21, 41 
self injurious behaviors, 259 
systems, complex interwining of, 541 
Behavioral arrest, episodes of, 
abrupt, 229 
cataplexy, 230 

EEG and electromyogram (EMG) of, 228 
gradual, 229 
sleep attack, 229 
REM sleep 

onset in pre-REM stage with spindles, 
229 

onset in REM sleep, 229 
non-REM sleep 
onset in non-REM sleep, 229 
Benign, malignant tumors or cysts, 361 
Benzodiazepine (BZ), 81, 207, 295, 298, 304, 
378 

hypnotics, 301, 532 
-GABA a antagonists, 123 
receptor complex, 123 
-like agonistic, 451 
receptors, 123 
types of, 119 
Benzyluridine, N 3 -, 207 
Bergmann glia, 120 
Bicuculline, 27 
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Biogenic amine, 163 

Biological clock, 20, 243, 275-279, 299-301, 
361 

control of glucose metabolism, 87-104, see 
also Glucose metabolism 
history of, 60-61 
mammalian, 88, 100 

Biological markers associated with stress, 
TNF, 540 

Biological mechanisms, 553 
Biological rhythm, 41, 102, 119, 126, 270, 358 
Biological rhythms in neuroendocrinology, 
59-82 

biological clock, history of, 61 
central clock, 71-73 
circadian clock effectors, 73-75 
circadian oscillator, 67-71 
homeostasis, reactive and predictive, 60-62 
light, synchronizing effect of, 64-67 
neuroendocrine rhythms, 75-82 
hormones controlled by circadian clock, 
78-82 

hormones controlled by reactive 
homeostatic mechanisms, 77-78 
other hormones, 82 
rhythmometry, properties of circadian 
rhythms, 63-64 

temporal spectrum of life, 59-60 
Bioluminescence, 48 
Biopterin (BH4), 502-503 
Biosynthetic enzymes, 451 
Bipolar depressed patients, 415 
Bipolar disorder type II, 556 
Birth, triggered by, 11 
Blanching of the face, 538 
Blind, sleep and circadian rhythms in. see 
Sleep and circadian rhythms in blind 
Blind free runners (BFRs), 313-319 
Blind human, 283-284, 295 
Blindness, association with disordered sleep 
cycles, 126 
Blockers, 300 

a- and (3-, of glucose metabolism, 90 
autonomic, 93 
Blood,330 

Blood-brain barrier, 356, 488 
Blood glucose, 99, 441 
Blood melatonin, 304 
rhythm, 355 
Blood pressure, 173 
decreased, 538 
Bloodstream, 274, 489 
Blushing, 538 
Body clock, 297 


Body functions, circadian rhythms in, 21 
Body, glycemic state of, 100 
Body mass index (BMI), 371, 430-432, 
440-446, 518, 542 
Body muscle atonia, 513 
Body temperature (Tb), 184, 278, 562 
cycle, 325 
during sleep, 171 
in REM sleep deprivation, 172 
Body weight loss, 185-186 
Bone calcification, 82 
Bone resorption processes, 82 
Brachycephaly, 259 
Bradycardia, 471 
Brain, 71,88, 90, 92, 101,295 
2DG brain imaging techniques, 44 
avian, 49 

circadian rhythms in, 21 
homeostasis, 119 

neurotransmitter regulation, 573, 576 
parenchyma, 210 
plasticity, 3 

serotonergic activity, low brain, 574 
sleep/wake regulatory structures of, 140 
swelling, 206 

temperature, 209, 212, 565 
tumors, 357 

Brainstem, 5, 23, 124, 141, 207, 300 
hypnogenic area, 169 
nucleus, 100 

sympathetic and parasympathetic nuclei, 
296 

Brainstem arousal systems 
cholinergic and monoaminergic, 232 
Breast cancer, 343 
Breast feeding mothers, 395 
Breathing, 437, 446 
controlled, 478 

depressing effect by hormones, 424 
neural control of, 451 
physiological, 479 
sleep-disordered, 424,439 
Bright light, 553, 556-557, 576 
morning and evening, 567 
therapy, 556-557, 561-569 
treatment, 285, 571 
Broca, 223 

Brown adipose tissue (BAT), 104 
Bulimia, 137 

Buspirone, 139, 142, 146, 148 
C 

Calcemia, 82 
Calcium, intracellular, 30 
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Calmodulin, 122, 125, 274 
liposome incorporated, 123 
Cancer therapy, 356 
Candida albicans infections, 491 
Carbachol, 31-32, 166 
Carbohydrates, 101 
digestion of, 94 
Cardiac defects, 259 

Cardiac dynamic rhythms, abnormalities of, 
474 

Cardiac pacemaker, 471 
Cardiovascular disease, 81, 102, 179, 194, 

433, 448, 450 
pathophysiology of, 424 
in shift workers, 343 
Cardiovascular dysfunction, 480 
Cardiovascular mortality, 448 
Carotid body, 100 

Casein kinase 1 epsilon (CK1E), 46 
Cataplectic-like behavior, 166 
Cataplexy, 513, 228-231 
in canines and rodents, 221 
clinical definition of, 230 
distinguished from normal REM sleep, 230 
episodes of, 232 
in rodents, 230 
mechanism of, 236 
Catecholamine, 437, 489, 493 
and their metabolites, 444 
CDNAs, 120-120 
Cell death, apoptotic, 221 
Cell division, 48 
Cell lines, lymphoblastoid, 263 
Cell membrane, 97 
Cell proliferation, 122 
Cellular circadian clocks, interlocked loop 
model of, 70 

Cellular immunity, 523, 539 

Cellular oscillators, synchronization of, 61 

Central apnea, 437 

Central circadian clock, 540 

Central clock, 71-73 

Central nervous system (CNS), 6, 45-48, 100, 
122-124, 163,424,516 
actions within, 137 
activation, 378 
areas, 72 
cells, 489 

depressant activity, 207 
effects, 490 
mammalian, 362 
of rats, 208 
Cephalic pain, 363 

Cephalic-phase, glucagon or insulin, 96 


Cerebellum, 120 
Cerebral cortex, 560 

Cerebral malaria, autoimmune, infectious 
diseases, 515 

Cerebral ventricle, 23, 145 
Cerebrospinal fluid (CSF), 11, 179, 208, 274, 
299,417, 222 
hypocretin-1, 505 
metabolites, 503 
orexin levels, 234 
Cerebrovascular 
disorders, 357 
regulation, 363 
CGMP 
analogs, 126 
pathway, 122 
Chaos theory, 475 
Chemiluminescence, 68 
Chemoreceptors, 437, 451 
peripheral, 424 
Chest pain, 445 
Children, healthy, 261 
Chimpanzees, 245 
Chloride ion channel, 207 
Chloroamphetamine, p-, 146 
Cholesterol, 185 

Choline acetyltransferase (ChAT), 9, 31 
Cholinergic cells, 297 

Cholinergic mesopontine tegmental nuclei, 
223 

Cholinergic neurons, 296 
Chorionic gonadotropin, human, 202 
Choroid plexus, 147, 209, 211, 274, 488 
in ventricles, 210 
Chronic stress, 538 
Chronobiologic principles, 270 
Chronobiological disorder (s), 269, 286, 359, 
532 

dysfunction, 358 
genetics involved, 363 
in men 

environmental or external, 356 
endogenous or internal, 356 
Chronobiological mechanisms, 563 
Chronobiology, 553 
altered, 357 

Chronobiotic agents, 363 
Chronophysiological responses, 561 
Chronophysiology, 576 
Chronotherapy, 278 
Chronotyping of individuals, 276-277 
Circaannual variation, 357 
in primary and secondary headaches, 363 
Circadian, 77, 303-304, 540 
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Circadian ( Continued ) 
abnormalities, 313 
activity, 252 
adaptation, 340 
alertness signal, 233, 235 
biology, 243, 253 
changes, 189, 274 
cycle, 19 
disorder, 265 
division of, 542 
entrainment, 326 
expression, genomic, 71 
factors, 232-233 
fluctuation, 209 
influence, 233 
locomotor activity, 126 
marker (s), 78 
reliable, 327 
mechanisms, 48, 75 
misalignment, 343 
modulation, 126, 325 
oscillator/oscillation, 41-43, 67-71, 244, 
280, 548 
periods, 48, 69 
paracrine, 73 
patterns, 102 
physiology, 245 
processes, 325, 327, 332 
related sleep disorders, 81 
release pattern, 99 
response, 21 
sleep disorders, 317 
sleep-enhancing signal, 234 
sleep propensity rhythm, 311 
and sleep/wake cycle interactions, 32-34 
and sleep-wake dependent processes, 
332-333 
system, 314 
time, 315 

timing system, 22, 243 
trough, 269 

wake-promoting signal, 234 
Circadian cycle, 20, 70-71, 126 
Circadian genes, 69 
gene expression, 89 

Circadian pacemaker, 78, 243, 270, 575 
endogenous, 327, 342-343 
of cortisol secretion, 338 
of plasma cortisol and plasma 
melatonin, 330 
mammalian, 315, 540-541 
Circadian phase, 71, 311-318, 357, 574 
advance of, 563 
disorders, 532 


in infants, photic regulation of, 243 
position, 561 
Circadian regulation, 563 
in mammals, 52 
pacemakers for, 41 

Circadian clock, 124-125, 243, 357, 575 
effectors, 73-75 
eukaryotic, 70 
functions, 50 
interlocked loops, 70 
internal, 20-22 
mammalian, 42 
misalignment of, 283 
regulators 
daytime, 24-27 
dawn and dusk, 27-29 
nighttime, 29-32 
resetting, 28-29 
in SCN, 23 
work, 556 

Circadian cortisol rhythm, 432 
Circadian rhythm, 65-66, 185-189, 243-244, 
318,517, 576 
abnormally delayed, 557 
alterations, 560 

basic mechanisms and relation to 
Sleep/Wake cycle, 19-34 
circadian clock regulators, 24-32 
in blood cortisol, 542 
in body temperature, 542, 561 
cellular or behavioral, 72 
delayed, 561 

desynchronization of, 283, 286 
disorders, 270, 356 
disturbances, 285, 286 
of electrical activity, 43 
endogenous, 561 
expression of, 541 
feeding-independent, 93 
free-running, 313, 356 
in GABA-ergic output signal, 103 
gene expression, 43 
generation, 50 

glutamate-induced phase resetting, 30 
in human beings, 204 
of hypothalamic, 7 
in insulin secretion, 95 
inverted, 264 

of liver glycogen content, 92 
of locomotor activity, 41 
mammalian, 28, 271 
of melatonin, 272, 560 
in passerine birds, 47 
peptide release, 43 
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of readjustment, 357 
regulating signaling mechanisms, 24 
regulation of, 556, 574 
resetting pathways in SCN, 24 
in renal gluconeogenesis, 98 
sleep disorder, 271, 301 
in temperature, 251 
temporal spectrum of life, 19-24 
of testosterone secretion, 456 
withdrawal-associated effects on, 542 
Circadian rhythm sleep disorder, melatonin 
in, 269-286 

advanced sleep phase syndrome (ASPS), 
280-281 

chronotyping of individuals, 276-277 
circadian and homeostatic regulation of 
sleep/wakefulness, 275 
circadian rhythms, 269-271 
delayed sleep phase syndrome (DSPS), 
277-280 

clinical correlates, 277-277 
causes and prevalence, 278 
pathophysiology, 278 
treatment modalities, 278-279 
melatonin in DSPS treatment, 279-280 
jet lag, 282 

melatonin and sleep/wake rhythm, 275-276 
melatonin, 271-275 

non 24-hour sleep/wake disorder, 283-285 
REM sleep and melatonin, 276 
shift-work sleep order, 282-283 
sleep/wake rhythm and mood disorders, 285 
Circadian rhythm sleep disorders (CRSDs), 
269-271,278,281,286 
pathophysiology of, 269 
Circadian rhythmicity, 68, 75, 78-79, 82, 125, 
202, 263 

of pro-inflammatory cytokines, 548 
Circadian variation, 328, 331-332, 334 
of cortisol secretion, 340 
Circadian schedule disorders, 361 
Circadian system, 33, 60, 100, 102, 244, 541 
endogenous, 325, 327, 333 
of primate infants, 253 
Circadian temperature rhythm, 282 
Circadian time (CT), 21 
Circadian variation, 82, 265, 311, 501, 563 
in cortisol levels, 248 
endogenous, 312 
of symptoms, 503 
Circadin, 280 
Cleft palate, 259 
Clitoral engorgement, 76 
Clock function, 46 


Clock gene expression, 46-50 
Clock gene (s), 43, 69-70, 125, 263 
mammalian, 50 
PER3 , polymorphism in, 278 
peripheral, 89 

transcriptional and translational regulation 
of, 47 

Clock.controlled genes (CCGs), 70 
Clocks, molecular, 88-89 
Clocks, peripheral, 47 
Clonidine, 164-166, 300 
Cloramphenicol, 68 
Cluster headaches, 357 
in DSPS patients, 361 
pathophysiology and treatment of, 360 
treatment with melatonin, 363 
Cluster migraine association, 357 
Cognitive challenge, mild, 538 
Cognitive disorders, 548 
Columba livia , 41 
Comorbid psychic, 569 
Comorbidities, 438, 506 
Concentration, poor, 264 
Confusion, 171 

Congestive heart failure, 81,480 
Consensus site, 120 
Constant darkness (DD), 44 
Constant dim light, 251 
Constant light (LL), 46 
Continuous positive airway pressure (CPAP), 
424 

nasal therapy, 431, 437-443, 448^449, 456 
treatment, 424, 430, 433, 446 
Core body temperature (cBT), 275-279, 285, 
314, 334 
rhythm, 277 

Coronary heart disease, 81,445, 471 
elevated leptin levels, 442 
Cor pulmonale, 424 
Corpus callosum, 210 
Cortical activation, 226 
neuropeptide role in, 227 
Cortical desynchrony, 417 
Corticosteroid therapy, 450 
Corticosteroids, 99, 102, 438 
secretion, 88 

Corticosterone, 11, 92, 140, 142, 378 
ACTH-induced, 192 
daily rhythm of, 74 
levels, 194 

feedback mechanism, 191 
plasma levels, 21, 99, 192 
in rats, 377 
secretion, 74 
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Corticotropin-releasing-hormone (CRH), 
179, 187, 379, 424, 489 
antagonists, 143, 377 
antisense oligonucleotides, 143 
cells, 140-142 

central respiratory stimulant, 450 
cerebrospinal fluid (CSF), 371 
cortisol, 538 
endogenous, 378 
exogenous, 143 

induced release of ACTH, 144 
mRNA, 10-11, 143 
peptide, 142 
receptors, 192, 450 
receptor mRNA, 11 
secretion, 338 
somatostatin, 381 
Corticotrophs, 189,433 
Corticotropic function, 543 
Corticotropin-releasing factor (CRF), 414 
Cortisol, 187-192, 244, 262, 327, 440, 561 
circadian rhythm, 490 
diurnal rhythm of, 328 
diurnal variation of, 333 
exogenous, 143 
evening concentrations, 546 
in humans, 92, 140-142, 377 
hypersecretion of, 537, 548 
levels, 339, 369, 372, 543 
melatonin, 76 
plasma, 371 
regulation, 490 

rhythm, 60, 73, 63, 79, 278, 283, 313, 335, 
393 

secretion, 339-340, 369, 490 
circadian pattern of, 371 
urine free, 423 

Cosinor analyses, 63, 543-545, 547 
Counter regulation, 96 
responses, 102 
Craniofacial 
abnormalities, 448, 450 
growth retardation, 449 
Cryptochrome, 88 

Cushing’s disease/syndrome, 190, 424, 438, 
439, 450 

Cyanobacteria, 48 
Cycle 

day/night, 19, 21, 102 
light-dark cycle, 21, 87-90 
Cyclic adenosine monophosphate (cAMP), 9, 
27, 122, 

-PKA pathway, 127 
production, 126 


-protein kinase A (PKA), 121-122 
response element binding protein (CREB), 
30 

Cyclic variations 
in hormonal regulation, 19 
in reproduction, 19 
in sleep-wake cycle, 19 
Cycloheximide, 68 
Cytochrome P 450 , 451 
Cytokine (s), 489, 515-518, 522 
dose diurnal and/or circadian phase, 537 
fatigue-inducing proinflammatory, 539 
and GH, altered levels of, 522 
levels, 523 

immune system, products of, 539 
induced effects, 488 
inflammatory, 488 
linking, 518 
mediators, 488 
multifunctional, 517 
peripheral, 488 

proinflammatory, 362, 488, 519, 523, 538. 

see also sleep disorders 
receptors, 489, 518 
response, 538 
secretion, 545 
in sleep regulation, 537 
sleep-modulatory cytokines, 493 
T helper (Th)l/Th2, 539-540 
marker for Thl, 539 

D 

Daily rhythm (s), 97 
in body temperature, 245 
in gluconeogenic enzyme PEPCK, 98 
of glucose, 94 
of melatonin, 103 
plasma glucose, 95, 102 
in basal plasma glucagon concentrations, 96 
Daily variation in insulin sensitivity, 97 
Dantrolene, 30 

Dark/darkness period, 92, 101, 121, 529-530 

Dark season, 565 

Darkness hormone”, 65 

Dawn, 27, 90, 99, 276 

Day, 59 

embryonic day (E), 7 
postnatal (PN), 3-11 
serotonin, 7 
Day/night 
cycle, 297 
differences, 250 

oscillations in SCN metabolic activity, 244 
rhythmicity, 252, 304 
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Day-night rhythms 

in activity and hormone secretion, 253 
in cortisol and melatonin production, 245 
in electrical activity, 244 
in HR, RR, and adrenal steroidogenesis, 
248 

Day-oriented schedule, 340 
Daytime 

alertness and performance, impaired, 282 
attacks, 360 

behavior, maladaptive, 259 
effects, 25 
fatigue, 537 
signaling pathways, 27 
sleepiness, 314, 537, 553 
sleepiness in young adults, 119 
somnolence, 314, 318 
Death, 179, 492 
Deep sleep, 423 
Dehydroepiandrosterone, 61 
Delayed sleep phase syndrome (DSPS), 286, 
295, 301,317, 556 
analogues with, 532 
clinical correlates, 277 
causes and prevalence, 278 
pathophysiology, 278 
patients, 361 

treatment modalities, 278-279 
melatonin in DSPS treatment, 279-280 
Delayed sleep-wake rhythm, 278 
Delta sleep, 181, 187, 190,417 
Delta sleep inducing peptide (DSIP), 201-206 
Delta-wave amplitude, 490 
Dementia, 357 
Denervation, 103 
hepatic, 93 
parasympathetic, 98 
selective, 94 
surgical, 104 
Dependence, 295, 298 

Depressed patients (DP), 372, 563, 566, 570 
Depressed women, NE correlates of sleep in, 

391- 406 

menopause, 395-396 

PSG variables, 402-404 

reproductive condition, restorative sleep, 406 

sleep and cortisol, 404-405 

sleep and melatonin, 404 

sleep and prolactin, 405 

sleep and reproductive hormones, 405-406 

sleep disturbances, mood disorders, 

392- 396 

premenstrual dysphoric disorder, 

392-394 


depression during pregnancy, 394 
postpartum depression, 394-395 
sleep variables and neuroendocrine 
measures, 399-^401 

Depression, 137-138, 204, 356, 454, 549 
acute, symptom of, 372 
adult rat model of, 11 
and aging, 371 
and mania, 555 
bipolar, 191 
endogenous, 285 
human depression, 11 
and insomnia, 359 
major depression, 549 
melancholic and psychotic, 190 
neurotic, 415 
non-seasonal, 568-569 
premenstrual, pregnant, postpartum & 
menopausal 

neuroendocrine correlates of sleep in, 
391-406 

seasonal and non-seasonal, 566 
symptoms, 405, 557, 561, 564 
treatment of, 383 
winter, 285, 573 

Depression due to disturbed sleep, role of 
peptides, 369-383 
sleep-endocrine activity 
in depression, 369-373 
during aging, 373-374 
sleep regulation, role of peptides, 374-379 
growth hormone-releasing hormone 
(GHRH), 374-375 
somatostatin, 375-376 
ghrelin and GH secretagogues, 376 
corticotropin-releasing hormone (CRH), 
376-378 

neuropeptide Y (NPY), 378-379 
galanin, 379 

peptides in patients with depression, 379- 
381 

GHRH, 379-380 
galanin, 380 
NPY, 380 

CRH antagonism, 380-381 
Depressive episodes, recurrent, 556 
Depressive symptoms, worsening of, 558 
Desynchrony experiments, forced, 325 
protocol, 326 
Deuterium oxide, 68 
Developing clock, 253 
Developmental delay, 259 
Dexametasone, 414 
Dexfenfluramine, 141 
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Diabetes, 440 

Diabetes mellitus, 101-102, 424, 499, 501, 
506-507 
risk for, 102 
type I, 439 

type II, 179, 439, 442 
with autonomic neuropathy, 439 
Diabetic 
children, 440 
neuropathy, 300 
hypertensive, 441 
noninsulin-dependent, 444 
Diagnostic and Statistical Manual of the 
American Psychiatric Association 
(DSM-IV), 298 
Diaminopimelic acid, 212 
Diazepam, [ 3 H], 207 
Dibutyrate binding, 123 
Dietary Supplement Health and Education 
Act, 305 

Dihydro testosterone, 415 
Dim light melatonin onset (DLMO), 279, 
281,312, 503 
Dinoflagellate, 48 
Discomfort, 538 
Disease mechanisms, 424 
Disordered sleep cycles, 126 
Disorientation, 282 
Distress, 282 

Disturbed sleep continuity, 369 
Disturbed sleep in depression, role of 
peptides, 369-383 
Diurnal sleep, 360 
Diurnal animals, 75 
Diurnal melatonin secretion, 264, 266 
Diurnal mood symptoms, 416 
Diurnal mood variation, 415 
Diurnal pattern of melatonin levels, 559 
Diurnal rhythm, 121 
in hepatic glycogen, 93 
in pineal melatonin production (and 
secretion), 125 
Diurnal rodent, 126 
Diurnal sleep/darkness period, 340 
Diurnal species, 65, 99, 297, 300, 312 
Diurnal variation, 96, 204 
Dogs, food presentation to,, 221 
Dopamine, 146-147,163, 414 
antagonist metoclopramide, 502 
metabolites, 504 
receptor blocking agents, 499 
release by melatonin, inhibition of, 362 
release inhibition, 362 
role for, 362 


system, 505 

Dopaminergic activity in SAD, 560 
Dopaminergic and opiodergic system, 502 
Dopaminergic dysfunction, 508 
Dorsal medial hypothalamus (DMH), 22 
Dorsal motor nucleus of vagus (DMV), 95, 
100 

Dorsal pontine tegmentum, 165 
Dorsal raphe nucleus (DRN), 223 
neurons, 6-7 

Dorsal tegmental nuclei, 140 
Dorsomedial hypothalamic (DMH), 88, 125, 
297 

neurons, 300 
Drowsiness, 558 
“Downstream” genes, 70 
Drugs, 81 
dopaminergic, 499 
opioidergic, 499 
Dusk, 27-28, 276 
Dysmorphism, mild, 259 

E 

Early morning awakenings, 369 
Ebiratide, 143, 378 
Ectonucleotidase pathway, 8 
Ectoproteins, 210 
Ejaculation, 187 
Elderly, insomniacs, 302 
Electrocardiogram (ECG), 63 
Electroencephalogram (EEG), 164, 265, 296, 
303,553 
changes, 477 
of behavioral arrest, 228 
sleep, 574 

ultradian rhythms, 477 
Electroencephalography, 425 
Electromyogram (EMG), 164, 209, 260 
of behavioral arrest, 228 
Electromyography, 425 
Electrooculogram (EOG), 164, 296 
Electrooculography, 425, 560 
Embryo, 8 

Endocrine, 59, 72, 98, 180 
ablations, 72 
abnormalities, 423, 438 
activity, 369 
diseases, 424 
disorders, 439, 456 
factors, 448 
glands, 74 
peripheral, 438 
organs, 72 
pancreas, 94, 102 
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rhythms, 438 
substances, 520 
systems, 369 

Endogenous rhythms, sensitive marker of, 359 
Endorphin, (3-, 187 
Endothelial dysfunction, 448 
Energy 

expenditure, 564 
metabolism, 88, 98 
reserves, 101, 103 

Enhanced intermittent wakefulness, 369 

Enterochromaffin cells, 271 

Entrain, 41 

Entrainment, 19, 28 

Enucleation, 42 

Environment, aperiodic, 19 

Environmental light, 81 

Environments, psychosocial and physical, 577 

Epidermal growth factor (EGF), 23 

Epilepsy, 357 

Epinephrine 

Epinephrine, 92, 98-99, 163, 166, 489 
circulating, 96 
Epiphenomenon, 560 
Esterone, 248 

Estradiol, 77, 187, 391-392, 415 
Estrogen (E2), 392, 424, 506 
receptors, 74 

Estrogen replacement therapy (ERT), 395 
Estrone, 187 
Estrous cycle, 357 
Eukaryotes, higher, 263 
Euthymia, 285 

Evening sleepiness, onset of, 300 
Excessive daytime sleepiness (EDS), 514, 
537-539 

Disorders of, 548 
Excitability, 171 
Excitatory effect, 5 

Excitotoxicity, glutamate-induced, 362 
Exocrine and endocrine function, 94 
Extended waking episodes, 333 
Extracellular regulated kinase (ERK), 122 

F 

Facial paralysis, 357 
'Factor S’, 212 
Familial disorder, 280 
Fasting, 93 
Fatigue, 282, 361, 538 
among postmenopausal women, 454 
chronic, 356 
morning, 561 
treatment of, 456 


FDA limitations, 315 
Feeding behavior, 102 
Female sex hormones, 452 
Ferritin, 506 
Fetal clock, 245, 252 
Fetal SCN cells, 244 
Fibrinolysis, impaired, 442 
Fibroblasts, 47-48 
Fibromyalgia, 356 
Finger oximeter, 425 
Finger print, hormonal, 274 
Fixed phase abnormality, 561 
Flesinoxan, 148 

Flower-pot method, REM sleep deprivation, 
192-193 

Flower-pot technique, 182, 185 
Fluorescence in situ hybridization (FISH), 260 
Fluoxetine, 148, 396, 558 
Flutamide, 455 
Fluvoxamine, 558 
Folic acid deficiency, 499 
Follicle stimulating hormone (FSH), 187, 371 
levels, 424 

Follicular (low progesterone), 520-521 
Food chain, 356 
Food deprivation, 184, 236 
Food intake, 172, 376 
regulation of, 371 
reduced, 371 
Foot shock, 187 
Fourier analysis, 63 
Free radicals, 362 
Frog receptor, 120 

G 

G protein (s), 138 
coupled, 356 
iso forms, 121 

pertussis toxin (PTX)-sensitive, 121 
stimulatory and inhibitory, 9 
G protein-coupled melatonin receptors, 124 
G protein-coupled receptors (GPCRs), 
119-121, 123-125, 128,415 
-mediated mechanisms, 129 
subtypes, 121, 125 
transduction, 125 

G protein-linked receptor family, 300 
y- amino butyric acid, (GABA), 22, 24, 42, 
383, 541 

-activated currents, 127 
-antagonist bicuculline (BIC), 104 
-benzodiazepine receptor-chloride channel, 
207 

potentiation, 362 
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y- amino butyric acid ( Continued ) 
receptor subtypes, 
oe, a2, a3, a5, p, pi, p3 and yl, y2 
subunits, 127 

and serotonin-induced resetting, 30 
GABA a 
antagonist, 27 

CNS depressant hypnotics, 300 
modulators, 295, 303 
receptor (s), 124, 295, 298-299, 304, 379, 
451 

receptor complex, 207 
receptor-mediated response, 362 
GABAergic 

activity, 78, 122-124, 126 
inhibition, 124 
interneurons, 74 
modulation, 129, 172 
neurons, 297 
signaling, 27 
systems, 125, 362 

Galanin, 94, 124, 211, 379-380, 383 
gene expression, 379 
Ganglionic photoreceptor cells, 272 
Gap-junction regulation, 69 
Gastrin-releasing peptide (GRP), 22, 94 
Gastrointestinal discomfort, 343 
Gastrointestinal disturbances, 282 
Gaussian distribution, 63 
Gene (s) 

“downstream”, 70 
familial ASPS, 281 
mutants, L-, S-, 69 

mutations in RAI1 (Retinoic Acid-Induced 
gene), 260 

orexin/ataxin-3 transgene, expression of, 
221 
per , 69 
perl , 263 
period , 47 
PGDS, 210 
polymorphisms, 556 
SNAT, 273 
Genetic effect, 556 
Genetic predisposition, 514 
Geniculohypothalamic tract (GHT), 23 
Genital reflexes, 187 
Gepirone, 139, 142, 146 
Gestation, 245 
human fetus, 246 
Ghrelin, 374, 376, 383,413,414 
Gi-coupled receptors, 125 
Global sleep dissatisfaction (GSD), 299 
Glucagons(s), 91, 92, 94, 100-101 


release, 96 
responses, 102 

Glucocorticoids, 140, 189, 332, 372-373, 414, 
488 

response, 538 
Glucokinase, 92 
Gluconeogenesis, 92-93, 96, 98 
in liver, 90 

Glucose, 90, 97, 101, 341-342 
availability, 103 
control, 440 

2-deoxy- (2-DG), 28, 46-48 
homeostasis, 90-92, 102, 104 
impaired, 343 
and insuline, 333 
levels, fasting, 311 
plasma levels, 185 
production, 99, 102-104 
production pathway, 97 
resistance, 343 
rhythms, 93, 96 
secretion, 331, 342 
sensors, 100 
storage organ, 93 
supply, 102 
synthesis, 90, 93 
tolerance, 185, 343, 439 
in humans, 95-96 
impaired, 439,445 
uptake, 93, 102, 104 
uptake regulation, 
insulin-dependent, 104 
insulin-independent, 92, 104 
Glucose metabolism, biological clock control 
of, 87-104 

adipose tissue, 97-98 
energy restriction, 100-101 
energy surplus, 101-102 
glucose metabolism, 90-92 
homeostasis, 87-88 
the kidneys, 98 
the liver, 92-94 
the pancreas, 94-97 
peripheral clocks, 89-90 
peripheral feedback, glucose sensing, 100 
the pituitary, adrenals and pineal gland, 99 
skeletal muscle, 97 
the timing system, 88-89 
Glucose transporters (GLUTs), 97, 92 
GLUT-2-dependent vagal afferents, 100 
subtypes, 97 

Glucose-sensing, GLUT-2 mediated, 100 
Glutamate (GLU), 23, 26-27, 29-30, 296, 541 
neurotoxicity protection, 362 
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neurotransmission, 362 
release, 363 
Glycogen, 90, 97-98 
biosynthesis, 49-51 
homeostasis, 52 
storage, 93 

Glycogen synthase, 92 
Glycogenolysis, 90-93, 96 
Glycolysis, 92 

Glycosylation, N-linked, 120 
Gonadal hormone secretion, 88 
Gonadotrophs, 433 
Gonadotropin (s), 82, 245, 423 
Gonadotropin-releasing hormone, 187 
Gonads, 450 
Gonyaulax polyedra , 48 
Growth hormone (GH), 245, 278, 285, 
369-374, 423-427 
adaptation, 334 
alterations, 522 
deficiency, 448-449 
human, 500 
levels, 373, 522 
pulse, 334 

replacement therapy, 449 
rhythm, 187-188 
secretion, 333-334, 337 
Growth hormone releasing hormone 
(GHRH), 78, 179, 187-188, 202, 
521-522 
antagonist, 375 
antibodies, 374 
galanin ghrelin, 381 
receptor (s), 149, 374 
nonfunctional, 376 
responsive neurons, 383 
GHRHergic transmission, 374 

H 

Haemodialysis patients, 455 
Hallucinations, hypnogogic, 221 
Hallucinoid dreaming, 76 
Hamilton depression rating scale score, 380 
Haploinsufficiency, 263 
Headache (s), 357-361 
cluster, 357, 359-363 
frequency, 359 
hypnic, 357 

idiopathic stabbing, 360 
intensity duration, 359 
pathophysiology, 362 
patients, with pineal cysts, 361 
primary, 357 
relief, 358 


transient, 206 
unilateral, 361 

Headache disorders—melatonin and the 
pineal gland, 355-363 
headaches, pineal cysts, and other 

chronobiological disorders, 360-361 
melatonin mechanisms, 362-363 
melatonin and cluster headaches, 
359-360 

melatonin and migraine, 357-359 
melatonin and other headaches disorders, 
360 

relevance of melatonin and chronobiology 
in neurology, 356-357 
Headache disorders, treatment of, 363 
heart attack, 173 
Heart beat, increased, 538 
Heart failure, 474 
Heart period variation, 474 
Heart rate (HR), 209, 471-473, 480-481 
increase, 479 

Heart rate variability (HRV), 471-473, 477, 
480 

indexes in young men, 472, 475—479 
spectral analysis, 479 
Heat-shock genes, 492 
Heavy water, 68 
Heliotrope, 62, 64 
Hemicholinium, 31 
Hemicrania continua, 360 
Hexarelin, 376 

Hippocampal (Hipp) waves, 164-165 
Hippocampal dentate gyrus granule cells, 

128 

Hippocampus, 79, 120, 124, 125, 141, 189 
Histocompatibility antigen complex DR2, 
514 

HIV infections, 491 
Homeostasis, 75, 87, 100, 297 
brain, 119 

daily glucose, 99. see glucose homeostasis 
glycogen, 52 
metabolic, 488 
model assessment, 441 
reactive and predictive, 60-62 
REM sleep, 229-231 
Homeostatic, 77, 82, 190, 253 
recovery response, 33 
sleep pressure, 32 
Homeostatic drive 
for sleep, 233 
for wakefulness, 233 
Homovanillic acid (HVA), 417, 502-503 
Hormonal alterations, 423 
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Hormonal circadian rhythms disturbances in 
shift workers, 325-343 
circadian variation of hormones, 328-332 
disturbed sleep and circadian rhythms, 
325-327 

hormonal patterns in shifted sleep 
schedules, 333-343 
hormones, two process regulation of, 
327-328 

sleep-wake dependent variation of 
hormones, 332-333 

Hormonal regulation, cyclic variations, 19 
Hormonal rhythms, 327, 338 
dependent on circadian clock, 423 
disturbed, 343 

Hormonal, modulation of, 74 
Hormone replacement therapy (HRT), 
395-396, 453, 506 
Hormones, 179-180, 193,493 
circulating, 82 

controlled by circadian clock, 78-82 
female, 453 

gonadotropinreleasing hormone (GnRH), 74 
neuroendocrine rhythms, 77-78 
neurohypophysial, 73, 82 
postprandial, 342 

role in regulation of breathing, 424^425 
in sleep deprivation, 186-193 
and SDB. see Sleep-disordered breathing 
and hormones 

thyrotropin-releasing hormone (TRH), 444 
Horne-Ostberg Morningness-Eveningness 
Questionnaire (MEQ), 277 
Host defense response, 493 
Human circadian pacemaker, 533, 563 
Human embryonic kidney (HEK) cells, 121 
Human growth hormone (HGH), 520, 523 
Human leukocyte antigen (HLA) class II 
region, 514-515 
Humoral mechanism, 73 
Humoral sleep/wake regulation signal, 297 
Humoral systems, 10 
Hunger, 278 
Hydrocephalus, 361 
Hydropathy analysis, 120 
Hydrophobic transmembrane segments, 120 
Hydroxybutyrate, y, 78 
Hydroxyindole acetic acid, 5- (5-HIAA), 23, 
503-504, 542 
methylation of, 274 
Hydroxyindole-O-methyltransferase 
(HIOMT), 273-274 
Hydroxy melatonin, 6-, 356 
Hydroxytryptamine, 5- (5HT), 6, 24-26 


acetylation of, 272 
brain levels of, 7 

methylation to 5-methoxytryptamine 
(5MT), 274 

oxidative deamination, 274 
transporter (5-HTT), 6 
Hydroxytryptophan, 5- (HTrp), 272, 504 
methylation of, 274 
precursor of, 559 
tryptophan L-, dietary, 559 
Hydroxytryptophol, 5- (HTPL), methylation 
of, 274 

Hyperactivity, 259, 262 
Hypercapnia, 424, 438, 444 
respiratory responses to, 442 
Hypercortisolemia, 190 
in depression, 372 
Hyperglycemia, 92-93, 103 
Hyperinsulinemia, 98 
Hyperinsulinemic euglycemic clamp, 442 
Hyperleptinemia, 82, 433 
in OSA patients, 432 
Hyperphagia, 186 
Hyperpolarization, 122 
Hyperprolactinemia, 395, 405 
Hypersomnia, 532, 553, 562 
idiopathic, 518 
symptom of, 558, 561 
Hypersomnolence, daytime, 311 
Hypertension, 
pulmonary, 424 
systemic, 424 
Hyperthermia, 184 
amphetamine-induced, 206 
Hyperthymic periods, 556 
Hyperthyroid patients, 445 
Hypertrophy, soft tissue, 448 
Hypnagogic hallucinations (HH), 513 
Hypnogram, 327, 472 
Hypnotic, 282, 314 
action, 208 
of melatonin, 362 
drugs, 276, 298 
effects, 304, 520 
use of, 270 
Hypocapnia, 452 
Hypochlorous acid, 362 
Hypocretin neurons, 516, 518 
Hypocretin (s), 5-7, 505, 515 
-1, in basal forebrain, 5 
-2,5 

-2 receptors, 5 
ICV injection of, 522 
-orexin system, 22, 125 
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Hypoglossal nucleus, 451 
Hypoglycemia, 92, 96, 99, 102 
insulin-induced, 95 
surgery, immobilization, 81 
Hypogonadal 
men, 452 
range, 430 
Hypomania, 285 
Hypophysial gonadal axis, 73 
Hypopnea, 437 

Hyposomnia and insomnia, 553 
Hypothalamic, 538 
brain slice preparation, 24-30 
gene defect, 377 
hypnogenic area, 169 
magnocellular neurons, 73 
median eminence, 206 
nuclei, 95, 100, 103-104 
parvicellular neurons, 73 
pathways, 442 
peptides, 148 
preoptic area (POA), 124 
signals, 22 

Hypothalamic-hypophysial axis gland, 74 
Hypothalamic paraventricular nucleus 
(PVN), 11,73 

Hypothalamic-pituitary gonadal axis, 187 
Hypothalamo-pituitary axis, 438 
Hypothalamo-pituitary somatotrophic (HPS) 
system, 369 
disregulation of, 372 
Hypothalamic-pituitary thyroid (HPT) 
systems, 372,413 

Hypothalamic-pituitary-adrenal (HPA), 100, 
140-146,413-414, 424 
activation, 488-489, 544 
immunomodulation, 488-489 
stress, 489-490 

activation during infectious disease, 
implications for sleep, 490-493 
effects of sleep and sleep loss on host 
defense, 491-493 

HPA mediators and sleep, 490-491 
activity, 377 

adrenal products of, 538 

axis, 11, 99, 141, 186-193, 487, 538 

disregulation of, 372 

function, 549 

hormones, 372-373, 376, 549 
hyperarousal, 549 
in insomnia, 549 
response, 491 
responsiveness, 491 
system, 369, 376, 487 


disregulation of, 372 
hypersecretion, 372 
overactivity, 370 
overdrive in depression, 371 
Hypothalamus, 21-22, 270, 296, 299, 

540-541 

Anterior, 67, 71, 88 
basal, 72 
fetal, 375 
mammalian, 120 
medial, 43, 88 
Hypothermia, 172, 184-185 
Hypothyroid myopathy, 445 
Hypothyroidism, 424, 438^439, 445, 499, 504 
symptoms of, 446 
Hypovolemia, 82 
Hypoxaemia, 456 
Hypoxia, 425, 431, 433, 438, 444 
types of, 424 

Hypoxic respiratory responses, 455 

I 

Illness, 489 

-induced activation, 492 
Immune 
cells, 489 

challenge, 490-491 
competence, 491 
defense, 493 
function, 75 
insufficiency, 492 
organs, 75 
perturbations, 491 
response, modulation of, 74 
responsiveness, 487 
surveillance mechanisms, 538 
system, 489, 520 

cellular and humoral arms of, 212 
Immunoassay, competitive, 425 
Immunocytes 
central penetration of, 488 
function, 489 
peripheral, 489 
Immunoenhancing, 489 
and anti-stress properties, 363 
Immunoglobulins, 492 
low, 259 

Immunoradiometric assay, 425 
Immunostimulants, 212 
Immunosuppressive effects, 489-490 
Impaired 
alertness, 361 
fibrinolysis, 442 

Impairment, severe respiratory, 442 
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Impulsivity, 259 
Indiplon, 298 
Individual rhythms, 531 
Indole metabolism, 273 
Indoleamine (s), 119, 121, 125, 355 
Indomethacin, 360, 362 
Indomethacin responsive headaches, 357, 
360, 363 
Infants, 251 

disabled brain damaged, 301 
premature, 250-252 
Infection, 487, 491 
Infectious challenge, 491, 517 
Infectious disease, neuroendocrine correlates 
of, 487-493 

stress, host defense, and sleep, 487-488 
Inflammation, 488, 548 
Inflammatory 
cytokines, 516, 519 
disease, 487 
tissue damage, 487 
Inflammatory processes, 517 
control, 538 
Influenza virus, 490 
Influenza, 491 
Infradian, 63, 542 
Infradian rhythms, 202 
Infusion techniques, 202 
Inhibitors, of RNA and protein synthesis, 68 
Innervation, 223 
autonomic, 103 

Insomnia, 180, 193, 277, 363, 416, 454, 499 
in blind people, 356 
chronic, 542, 548 
disease and treatment, 298-299 
elderly patients, 356 

idiopathic chronic sleep onset insomnia, 
280 

medications for, 298 
nighttime, 311, 314, 318 
and obesity, 395 
patients, 303, 531-533 
prevalence with aging, 548 
problems, 530 
Insomniacs, elderly, 302 
Insomniacs’ fatigue, 537, 548 
Insulin, 75, 184, 333, 343, 413, 415 
basal plasma, 95 
glucose uptake regulation, 104 
inhibition of, 95 
levels in OSA, 424 
obesity-related resistance, 98 
receptor, 97 
release, 95-96 


resistance, 440-448, 452 
hepatic, 92 

secretion, 94-95, 99, 331, 341-342 
sensitivity, 95-96, 101 
daily variation in, 97 
index of, 441 

Insulin-like growth factor-I (IGF-I), 432, 437, 
440,446-450,521 
a-, 78 

levels, 423, 447 
synthesis, 447 
Interbeat, 474 
Interferon a (IFNa), 488 
Interferon-gamma (IFN-y), 489, 539-540 
Intergeniculate leaflet (IGL), 22-23, 27, 88, 
541 

Interleukin (s), 362, 517 
Interleukin 1 (IL1), 202, 488-489, 516, 574 
-ip, 518-519 

Interleukin-2 (IL-2), 489, 519 
therapy, 539 

Interluekin-4 (IL-4), 540 
humoral immunity, 539 
Interleukin 6 (IL-6), 488, 516-522, 542-548 
humoral immunity, 539 
hypersecretion, 537 
measure stress, 539 
secretion 

circadian shift of, 537 
daytime shift of, 537 
increased secretion, 546 
Interluekin (IL-10), 540 
humoral immunity, 539 
measure stress, 539 

Interluekin (IL-13), humoral immunity, 539 
Internal clock, 126, 270 
Internal resonance model, 45 
International classification of diseases (ICD- 
10), 298 

Interventions, complementary, 549 
Intestinal bacterial proliferation, 491 
Intestinal cramps, 538 
Intrauterine life, 82 
Intrinsic body clock, 278 
Ion channels, 415 
Ipsapirone, 139, 142, 146, 148 
Iris anomalies, 259 
Irritability, 171, 282, 361 
Isoproterenol, 165-166, 206 

J 

Japanese quail, 42 
Jet lag, 67, 269-270, 286, 317 
and disordered sleep cycles, 125 
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simulated, 340, 343 
Jet lag syndrome, 356 

K 

Krebs cycle, 49 

L 

Lactate, 297 
Lactotrophs, 145-146 
Larks, 276 
Laron dwarfism, 448 
Lateral geniculate body, 74 
Lateral hypothalamus (LH), 222 
Lateral hypothalamic area (LHA), 5-6, 23, 
24, 32, 88, 186, 
neurons, 225 
nucleus, 43, 223 
Lemurs, prosimian, 245 
Leptin, 98, 184-186, 332, 371, 423-424, 440 
cerebrospinal transport of, 433 
levels, 371 
elevated, 442 
injection, 104 
receptors, 442 
resistance, 433, 438, 442 
respiratory stimulant, 442 
serum, 425 
system, 518 

Leptomeninges, 210-211 
Lethargy, 489 
Leukocytes, 489 
Life, physiological states of 
rapid eye movement (REM) sleep, 59 
slow, non REM (NREM) sleep, 59 
wakefulness, 

Ligands, 224 
Light, 89 
effects of, 311 
evening light, 562, 567 
morning light, 562, 567 
synchronizing effect of, 64-67 
Light phase, 121 
Light therapy, 559, 561 
Light treatment, 566-567, 570 
Light/dark (L/D) cycle, 71, 243, 263, 269, 300 
environmental, 282, 286 
Light/dark schedules, 313 
Light/darkness intervention, 340 
Light:dark regimes, 41 
Light-headedness, 282 
Lighting cycles, environmental, 253 
Limbic areas, 415 
Limbic system, 296 
Lipid 


resistance, 343 
storage, 98 
transporter, 210 
Lipocalin, 209, 211 
Lipogenesis, 97 

Lipopolysaccharide, bacterial, 488 
Lithium, 499 

Liver, 75, 89, 94, 98-104, 299 
Locomotor activity, inhibition of, 23 
Locus coeruleus (LC), 163, 166, 169-171, 

173,223 

mechanism of cessation of LC neurons, 
168- 

Loneliness, 573 

Loss of appetite, 361, 371 

Lumbar puncture, 503 

Luteal (high progesterone), 520 

Luteal phase, 358 

Luteal phase dysphoric disorder (LLPDD), 
393 

Luteinizing hormone (LH), 74, 391, 392, 423, 
440,456 
release, 82 
Lymph cell, 75 
Lymph nodes, 489 
microbial penetration into, 491 
submaxillary, 75 
Lymphatic system, 489 
Lymphocyte (s), 520 
-activating factor, 516 
adhesion, 489 
B-, 489-490 
circulating, 491 
in narcoleptics, 519 
T-, 119, 363,489 
cytotoxic, 490 

M 

Macroglossia, 447 
Macrophages, 489, 517 
activation of, 515 
Magnesium, 506 
Magnetic fields, 363 

Magnetic resonance Imaging (MRI), 246, 

259,361 

Magnocellular preoptic nucleus, 223 
Major depressive episode (MDE), 391, 394 
Mammals, 99, 119-120, 125 
Mania, 573 
Manic-depressive 
disorder, 285 
illness, 285 
psychosis, 285 
“master clock”, 89 
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Master pacemaker, 67 
Mastocytosis, 208 
Maxillomandibular surgery, 450 
Mayer waves, 474 

Medial pontine reticular formation (MPRF), 
8-9 

Medial preoptic area (MPA), 22, 88, 125 
Median eminence, 189 
Mediators, 488 

Medroxyprogesterone acetate, 454 
Melancholia, 418 
Melanocortin pathways, 442 
Melanopsin, 23, 72, 272 
Melatonin, 27, 28, 46, 520, 533-534 
acute sleep inducing effect, 123 
acute soporific effects, 123 
administration, 301, 557-558 
alterations, 558 
in animals, 557 
antagonistic effects of, 363 
antioxidant effects, 119 
beneficial effects of, 284 
biosynthesis of, 41, 42, 44-45, 355 
biosynthetic and regulatory pathways of, 
273 

biphasic effect on calmodulin, 122 
chronotherapeutic drug, 279 
circadian pattern of, 280 
circadian rhythm, 259, 262, 266, 392-394, 
558 

circulating, 559, 563 
and cluster headaches, 359-360 
control release of, 264-265 
and cortisol acrophases, 359 
cycle, 50 

daytime levels of, 559 
deficiency, 358 
dysfunction, 357 
effectiveness of, 359 

efficacy in patients with insomnia, 302-304 
endogenous, 269, 283 
exogenous, 47, 269, 276, 282, 315-316 
free radical scavenger, 119 
and GABA-A receptor modulators, 304- 
305 

and headaches disorders, 360 
and chronobiology in neurology, 

356-357 

hypnotic property of, 285 
immunomodulatory role for, 119 
induced activation, 128 
induced isoforms, 123 
induced suppression, 121 
infusion, 358 


injections, 28 
kinetics, 358 
legal status of, 305 
mechanisms, 362 
and migraine, 357-359 
clinical symptoms, 357 
and N-acetylserotonin rhythm, 274 
nuclear receptors for, 274 
penial, 47 

pharmacological effects on sleep, 123 
phase-shifting effect of, 126 
photic regulation of, 272 
physiological modulation of sleep, 124-128 
plasma, 21, 79 

production and secretion, 285 
replacement therapy, 280 
rhythm, 79, 269, 280,313, 561 
abnormal, 285 
endogenous, 316 
rhythmicity, 42 

role in headache pathophysiology, 362-363 
role in regulation of sleep, 295-305 
salivary, 503, 531 
seasonal changes in, 558 
secretion, 312 

sedative/hypnotic effects, 123, 129 
in sleep regulation, 119 
sleep regulator in humans, 299-302 
somnogenic effects of, 120 
suppression of, 558 
synthesis, 271-272 
therapeutic applications, 356 
therapy, 359, 361, 363 
endogenous, 301 
exogenous, 303 
treatment, 360, 566 
for free-running circadian rhythms, 
315-318 

Melatonin onset, endogenous, 316-317 
Melatonin phase, pretreatment, 561 
Melatonin receptor (s), 43,49, 51, 99, 244, 

356 

G protein-coupled receptors, 119 
molecular structure, 120-121 
regulation of, 121 

types, subtypes, 29, 46, 120, 274-275 
Melatonin receptors agonists, light therapy, 
363 

Melatonin secretion, 61, 81, 360-361, 377, 
503, 555-561,564 
diurnal variation of, 333 
in humans, 557 
nocturnal, 357 

Melatonin signalling, 121-123 
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G protein-mediated effectsl21-122, 
direct effects on intracellular 
effectors, 122-123 

melatonin signalling, 121-123. see Sleep 
regulation, molecular mechanisms of 
melatonin action 

Melatonin sleep and circadian rhythm in 
SMS, 259-266 

Melatonin-immunoopioids network, 363 
Melatonin-inducedopioids (MIO), 363 
Memory circuits, 164 
Menopause, 373, 401, 453 
sleep-endocrine alterations, 371 
Menstrual cycle (MC), 392, 393, 399, 520 
ovulatory phase of, 392 
Menstrual migraine, 359 
pathogenesis of, 358 
Mental disorders, 549, 573 
Mental retardation, 259 
Mesopontine cholinergic cells, 224 
Mesor, 63 

Metabolic and cardiovascular problems, 548 
Metabolic enzymes for adenosine, 8 
Metabolic rate, 565 
Metabolic rhythms, 100 
Metabolic symptoms, 564 
Metabolic syndrome, 102, 440 
Methoxamine, 164-165 
5-Methoxyindole acetic acid, (MIAA), 274 
5-Methoxytryptophan, (MTrp), 274 
5-Methoxytryptophol, (MTPL), 274 
3,4-methylenedioxymethamphetamine, 
(MDMA), 141 

Methylprednisolone, 378, 381 
5-methyltetrahydrofolate„ 503 
Metoclopramide, 502 
Mianserin, 499 
Microbial 
challenge, 493 
clearance, 492 
disease, 490 
proliferation, 487 
Microglia, 488 
Micrognathia, 450 
Microneurography, 475 
Midbrain raphe nuclei, 574 
Midface hypoplasia, 259 
Midnight sun, 529 
Midwinter insomnia (MI), 533, 535 
clinical symptoms of, 532 
mono-symptomatic disorder, 532 
Migraine, 356, 363 
attacks, 357 

co morbid disorders, 359 


episodic, 358 
menstrual, 357 
pathophysiology of, 362 
patients, 361 

treated with melatonin, 358 
with depression, 358 
without depression, 358 
Migraineurs, 357 
Migratory birds, nocturnal, 45 
Mimosa pudica , 62, 270 
Mindfulness-based stress reduction (MBSR), 
539 

Minimal associated pathology, 490 
Mirtazapine, 499 

Mitogen-activated protein kinase (MAPK), 
122, 138 
Mitogens, 491 

Mixed opioid receptor, agonist-antagonist, 363 
Model (s) 

forced desynchrony, 275 
reciprocal inhibition models, 168 
Modified multiple platform method 
(MMPM), 179, 192-193 
Molecular clock, 88-89 
Molecular oscillatory core, 125 
Monoamine oxidase (MAO), 274 
inhibitors, 81 

Monoamine oxidase A, 169 
Monoamine serotonin, 541 
Monoamine transmitters, 263, 574 
Monoaminergic 
dorsal raphe (serotonergic), 124 
neurons, 224 
Monoamines, 172 
Monocytes, 490 

lipopolysaccharide (LPS)-stimulated, 519 
mitogen-stimulated, 519 
Monosynaptic projections, 125 
Mood (s), 575 

and behavior, seasonal variations in, 556 

and cognitive performance, 282 

and energy cycles, 564 

and sleep regulation, mechanism of, 576 

and wellbeing, 564 

changes, 394 

disorder, 285-380, 392, 574 
non-seasonal, 569 
linked to norepinephrine, 163 
disturbances, 573 
mediator of changes in, 557 
symptoms, diurnality of, 418 
Morbidity, medical, 549 
Morning light therapy, 560 
Morningness-eveningness (M-E), 277 
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Mortality, 471 
Motor incoordination, 207 
Motor restlessness, 499 
Mouse neuronal cell line, 122 
MRNA, 189, 210, 224 
Mucopolysaccharides, 445 
Multi-factorial illness, 556 
Multiple sclerosis, 357, 381 
Multiple sleep latency test (MSLT), 513, 543, 
230 

Multisynaptic connections, 92, 94, 99, 103 

Multisynaptic pathway, 125 

Muramic acid, 212 

Muramyl dipeptide (MDP), 212 

Muramyl peptides, 516 

Muscarinic 

antagonist atropine, 95 
cholinergic receptor, subtypes (M1-M5), 
9-10 

Muscle atonia, 224 
Mutants, 69 

Myocardial infarction, 243, 311, 471,480 
Myopia, 259 

Myxoedematous patients, 445 
N 

N-acetylserotonin, (NAS), 272, 355 
precursor, 274 
rhythm, 274 

N-acetyl transferase (NAT), 271 
Naloxone, 206, 300, 502 
Narcolepsy, 6, 204, 297, 505, 514-519, 523 
clinical definition of, 513 
epidemiology of, 514 
exacerbation of, 523 
neuroendocrine and neuroimmune 
correlates of, 513-523 
genetic association, 514-515 
immune relationship, 516-522 
IL-1, 516-517 
IL-6, 517 
TNF-a, 517 

sleep deprivation affects cytokine 
production, 517-518 
immune substances, narcolepsy?, 

518-519 

REM sleep-associated symptoms of, 519 
sleep of short duration, 513 
Narcolepsy-cataplexy 
of neurons, 221 
symptom of human, 231 
syndrome, 221 

Narcoleptic (s), 520-522, 235 
sleep patterns, 522 


symptoms of, 221 
Natriuretic peptide, 440 
Natural Killer (NK) cells, 489-490, 521, 540 
Nausea, 206 

Neel’s “thrifty” gene hypothesis, 101 
Neonatal 
behavior, 5 
care, 243, 253 
rats, wake state in, 5 
REM sleep, 3, 9 

Neonatal Individualized Developmental Care 
Assessment Program, (NIDCAP), 252 
Neoplasms, 300 
Neopterin, 502 
in RLS patients, 503 
Nerves 

autonomic, 102 
parasympathetic, 471 
sympathetic, 471 
Neural pathways, 244 
Neural systems, 10 
dopaminergic, 10 
GABAergic, 10 
hypocretinergic systems, 10 
noradrenergic, 10 
serotonergic, 10 
Neuraxis, 223 
Neurodegeneration, 119 
Neurodevelopmental disorder, 259 
Neuroendocrine, 74, 119, 222 
aberrances, 369 
correlates in RLS, 507 
correlates of 

infectious disease, 487-493 
sleep in depressed women, see depressed 
women 

disturbances, 392 
effects, 138 
function, 137 
hypothesis, 500 
mechanisms, 508 

outcomes of sleep deprivation, 179-194 
structures, 43, 48 

in avian circadian organization, 44 
transducer, 189 

Neuroendocrine loop model, 41-53 
for avian circadian organization, 43-45 
challenges, 46-47 
circadian clock, 48-50 
mammalian, 46 

pacemakers for circadian regulation, 41-43 
revisited, 50-52 

Neuroendocrine rhythms, 75-82 
Neuroendocrine studies of 
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depression during pregnancy, 394 
menopause, 395-396 
postpartum depression, 394-395 
premenstrual dysphoric disorder, 392-394 
Neuroendocrine system (s), 139-140, 179, 416 
activation of, 137 
Neuroendocrinology, 179 
Neuroexcitatory effects, 222 
Neuroglia, 49 
Neuroglial cells, 48 
Neuroimaging studies, 360 
Neuroleptics, 499 
Neurological 
diseases, 357 
disorders, 357 
symptoms, 361 

Neuromodulator (s), 7, 11, 146 
neuromodulatory neurons, 451 
neuromodulatory role, 222 
Neuromuscular disorders, 357 
Neuronal activity, 7- 8, 28, 33, 124 
Neuronal efferent pathways from SCN, 80 
Neuronal excitability, 171 
Neuronal firing activity, 27-28 
Neurons, 34, 451, 540 
adenosinergic, 10 
autonomic, 22, 73-74 
cholinergic, 5, 9, 10 
cholinoceptive MPRF, 9 
cortical, 6 

cultured cortical, 128 
DMV, 95 

dorsal raphe nucleus (DRN), 6 
endocrine, 22 
GABA, 43 
GABA-ergic, 169 
galanin producing, 297 
glucose sensing, 100 
hypocretinergic, 5-7 
hypothalamic, 222 
intermediate, 22 
labeled, 203 

laterodorsal tegmental(LDT), 9, 23 
exciting effect, 10 
locus coeruleus, 166-168 
narcolepsy-cataplexy of, 221 
NE-ergic, 167, 170 
noradrenergic, 225 
neuroendocrine, 74 
orexin containing, location of, 223 
orexin/hypocretin producing, 296 
orexinergic, 8 
POA, 206 
PPT, 9, 223 


exciting effect, 10 
REM-OFF, 167, 170, 173 
REM-ON, 168-170 
serotoninergic, 6, 225 
SCN, 72, 74 
sleep-active, 297 
sleep-promoting, 125 
thalamocortical, 6 
thermosensitive, 172 
vasopressinergic, 246 

of ventral extra-thalamic relay systems, 296 
ventrolateral POA (VLPO), 124-125 
wakefulness-active/promoting, 7 
wake-on/REM-off and REM-on, 225 
wake-promoting histaminergic neurons, 

444 

Neuropeptides (NP), 185, 188-189, 369, 223, 
228, 231 

arginine vasopressin, 42-43, 74 
neurotensin, 42-43 
orexin, 95 

role in central arousal and cortical 
activation, 227 
role in wakefulness, 231 
substance P, 42-43 
specific roles of, 374 
vasoactive intestinal peptide, (VIP), 89 
Neuropeptide Y (NPY), 23-30, 94-95, 378, 
424, 541 

antagonist, of CRH, 381 
Neurophysiology, 224 
Neuroprotective 
agent, 119 
effects, 119, 206 

Neuropsychiatric disorders, 138 
Neurospora, 70-71 
Neurospora crassa, 48, 69 
Neurotoxicity in cerebral cortex, 363 
Neurotransmission 
in monkeys, 573 
inhibition of orexinergic, 226 
Neurotransmitter (s), 24-26, 88, 168, 296 
acetylcholine, 163 
adrenergic, 94 
biogenic amines, 163 
central, 438 
cholinergic, 10, 94 

gamma-aminobutyric acid (GABA), 163, 
379, 489, 541,224 
inhibitory, 103 

intermediate inhibitory, 126, 168 
glutamate, 10 
inhibitory, 42 
oxytocin as, 144 
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Neurotransmitter (Continued) 
influence in prolactin/serotonin release of, 
146 

primary, 541 
ACh, 31 
putative, 23 

synaptically released, 141 
serotonin as, 137 
synthesis and release of, 9 
synaptically released, 141 
Neurotransmitter system, 416, 573, 574-576 
adrenergic, 206 
Neurotrophic factor, 119 
Neurotrophins, rhythms in, 48 
Neurovascular regulation, 362 
Neuro-vegetative 
depressive symptoms, 564 
problems, 565 
symptoms, 554 
Neutrophils, 489 
Newborn receptor densities, 7 
NF-kappa B binding activity, 8 
Night”, 59 
Night-length, 27 
Night period, 148 
Night shift (s), 269, 339 
Night signal’ to body and brain, 99 
Night sleep 
insufficiency, 260 
interruptions, 554 
Night work (ers), 334-340, 343 
Nightmares, frequent, 416 
Nighttime, 29 
bright light, 562 
Nitric oxide (NO), 30, 448, 450 
Nitric oxide synthase (NOS), 30 
activity inhibition, 362 
Nitrogen species, 362 
N-methyl-D-aspartate (NMDA), 29-30 
and picrotoxin-induced convulsions, 206 
receptor antagonists, 31 
Nocturnal, 73 
animals, 21, 75, 181 
awakenings, 373 
breathing, 450 
cluster attacks, 360 
hormone secretion, 369 
hypoxemia, 446 
hypoxia, repetitive, 424 
melatonin 
levels, 359 
secretion, 359 
migratory restlessness, 45 
rodents, 24, 52 


sleep deprivation, 329, 341-342 
sleep, 338, 341-343, 423 
species, 65, 99, 297, 300, 312 
life style, 102 
testosterone, 455 
urinary noradrenaline levels, 444 
Nonapeptide, 203 
Nonbarbiturate anesthetics, 206 
Non-benzodiazepines, 295 
hypnotics, 298 

Non-rapid eye movement (REM) sleep, 124, 
260,517, 574, 228 
cycle, 296 

decrease in SCN-lesioned rats, 33 
effect on GH release, 77 
EEG of, in depressed patients, 563 
episodes, 228 
central apnoea, 452 
glucose levels in, 333 
homeostatic sleep drive control, 76 
increase in, 297 

influence of psychological factors, 575 
inhibiton of cortisol secretion, 79 
intensification of, 563 
in matured mammals, 3 
natural, 9 

neuronal regulation, 7-9 
neonatal, 3-11 

onset in non-REM sleep, 229 
period, 370 

phase duration, relative, 75 
physiological state of life, 59 
promotion, 78 
reduced, 260, 297 
sleep cycle begins with, 275 
sleep onset and, 77 
slow wave activity in, 325 
SCN firing rates, 33 
Non-REM cycle, 191 
Non-REM period, 296 
Non-REM pressure, 565 
Noradrenaline, 166, 297, 440, 444 
control of breathing, 444 
Noradrenergic 

agonist and antagonist, 164, 166 
LC, 224 

locus coeruleus neurons, 296 
Noradrenergic system, 181, 206 
Norepinephrine (NE) 
agonist and antagonist of, 172 
definiencies/excesses and mood disorders, 
163 

Norepinephrine (NE), 44, 51, 163, 166-173 
and epinephrine, 489 
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in vivo or in vitro , 45 
levels, 371 

Normo- or hyposomnic SAD patients, 554 
NREM-REM sleep cycle, 296, 479-480 
Nucleus basalis magnocellularis (NBM), 24 
Nuclear factor-kappa B, 362 
Nucleic acid-nucleic protein biosynthesis, 206 
Nucleus ambiguus (AMB) in brainstem, 95 
Nucleus of solitary tract (NTS), 451 
in brainstem, 100 
Nucleus raphe obscuris, 7 
Nucleus tractus solitarius, 141 
Nycthemeron, 227, 230-231, 234 
distribution of sleep and wakefulness, 232 
in narcoleptic rodents, 226 

O 

Obese, 185 

Obesity, 101-102, 137, 179 
“central obesity”, 452 
degree of, 432 
development of, 442 
endocrine aspects of, 423-424 
GF deficiency, 448 
levels of IGF-I and GH, 447 
OS A and degree of, 431-432 
pathophysiology of, 438 
prevalence of SDB, 445 
secondary effects of, 423 
spreading of sleep apnoea with, 437 
Obesity hypoventilation syndrome, 456 
Obsessive compulsive disorder, 137 
Obstructive sleep apnea (OSA), 423-433 
correlations between hormones, 429 
cortisol, 429 

CPAP treatment, 429-430 
endocrine aspects of obesity, 423-424 
endocrine changes 
during sleep, 423 
with aging, 423 
growth hormone, 427 
hormones and breathing, 424-425 
leptin, 427 

LH-testosterone, 427 
Obstructive sleep apnea (OSA), 433, 474 
Obstructive sleep apnoea syndrome (OSAS), 
438,440-449, 453^56 
comorbidity of, 442 
levels of IGF-I and GH, 447 
severity, 444 
Octreotide, 375-376 
treatment, 448 
Ocular abnormalities, 259 
Ocular retina, 41 


Oedema, upper airway, 448 
Oestradiol, 451,455,506 
Oestrogen, 454 

-induced beneficial effects, 454 
receptors, 451 
therapy, 451 
short-term, 454 
Oestrone, 455 
Oligarchies, human, 72 
Oligodendrocytes, 210 
Oligodeoxynucleotide decoy sequence, 30 
Oligonucleotides 
anti -clock, 48 
antisense, 143, 297, 48 
Oncogene, c-fos, 68 
Opioid 
agents, 501 
analgesia, 362 
analgesic efficacy, 363 
antagonist naloxone, 502 
Opioid-binding site, 363 
Optic chiasm (OC), 244, 246 
Oral contraceptive use, 392 
Oral glucose tolerance test (OGTT), 507 
Orexin, 185-186, 231 
A, 5 

excitatory effect of, 232 
influence on sleep/wakefulness, 221-236 
levels, diurnal variation, 235 
neurons, 300, 221, 223 
neuropeptide, 222 
prepro-orexin 
gene, 221-222 
mRNA, 5-6 
Orexin receptors, 223 
genes, 222 
mutation in, 221 

Orexin/ataxin-3 transgenic (Tg/+) rats, 226, 
230-232 

Orexinergic neurotransmission inhibition of, 
226 

Oscillations 
LF and HF, 478 
peripheral, 89 
Oscillator (s), 46, 48, 68 
activity, 67 
circadian, 45, 69 
food entrainable, 89 
pineal, 45 
SCN, 51 
Oscillatory 

mechanisms, multiple, 48 
process, 438, 477 
systems, 47 
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Osmotic value, 92 
Osteoporosis, 548 
in postmenopausal women, 456 
Ovarian cycle, 358 
Overt rhythmicity, 47 
Overt rhythms, 67-68 
Oxopyrimidine nucleoside, 208 
derivatives, 209 
Oxopyrimidine ring, 206 
Oxygen 
saturation, 444 
therapy in COPD, 456 
treatment, 431 

Oxyhaemoglobin desaturation index, 440 
Oxyhaemoglobin, 445 
Oxytocin(OT), 82, 179, 189 
from soma and dendrites, 145 
magnocellular, 144 
neurons, 144, 147 
receptors, 146 
Owls, 276 

P 

Pacemaker (s), 42-45, 125, 263, 313, 540 
for circadian regulation, 41 
endogenous, 279 
rhythmicity, 311 
Pacemaker’s effect, 561 
Pancreas, 89, 94-96 
Pancreatic 
a- cells, 100 
p-cells, 90, 99, 100 
nerves, 95 
secretion, 97 
sensitivity, 96 
sites, 415 

Parabigeminal nuclei (PBg), 23 
Paracrine 

circadian rhythm restoration, 73 
effect, 94 

mediator of vasodilatation, 449 
signaling, 73 

Paraesthesias, extremities associated with, 
499 

Parasympathetic 
activity, 478^480 
index of, 473 
branch, 96 
denervation, 98 
hepatic, 93 
input, 98 
nerves, 93 
activity, 94, 96 
neuropeptides, 94 


stimulation of insulin, 95 
Parathyroid hormone, 505 
Paraventricular neurons(PVN), 99, 104, 376 
pre-autonomic, 88, 103 
of thalamus, 22, 88 
Paraventricular nucleus (PVN) 
hypothalamic, 73 

of hypothalamus (mpPVN), 140-142, 179, 
189 

neurons, prolactin release, 146 
oxytocin-containing neurons, 144, 147 
periventricular-region of, 148 
receptors within, 142, 145, 147 
serotonin levels, elevated, 143 
reduced release, 144 
subPVN, 73-74, 88 
Paraventricular thalamic nuclei, 74 
Parkinson’s disease, 417 
Partial sleep deprivation (PSD), 518 
Parvocellular portion, 376 
PAS1, 70 
-type factor, 71 

PAS-containing activator (PAS2), 70 

Passer domesticus , 41 

Passeriform species, 41 

Pathogen, elimination of, 487 

Pathogenesis, 560 

Pathways, early- and late-night, 30 

Pedunculopontine tegmental (PPT), 6, 23-24, 

32.223 

Pedunculopontine tegmental nuclei (PTN), 

140.223 

Penile erection, 76, 187 
Pentobarbital, 207 
People, types of 
evening types (Owls), 276, 535 
morning types (Larks), 276, 534 
Peptide (s) 

corticotropin-releasing hormone (CRH), 369 
ligands, 222 
in sleep regulation, 383 
within SCN, 42 
Per protein, 69 
Per gene, 89 

Period (tau), 63, 88,311,316-317 
genes, 47 
proteins, 46 

Periodic limb movements (PLM), 499, 
503-504, 506 

Periodic limb movement disorder (PLMD), 
499, 503-504, 506 
Periodicity 
biologic, 59 
geophysical, 59 
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Perioperative tracheostomy, 448 
Peripheral 
clocks, 89-90 
feedback signals, 103 
nerves, 489 
neuropathy, 259 
organs, 90, 92 
receptor sites, 415 
scillations, 89-90 
serotonin levels, 573 
Perisuprachiasmatic area (PSCN), 22 
Periventricular preoptic nucleus (PPN), 43 
Peroxynitrite anion, 362 
Personalities, schizoid, 284 
Perspiration, 538 
Pertussis toxin (PTX) 
insensitive Gq/11 proteins, 122 
insensitive G-protein, Gz, 142, 145 
sensitive pathway, 126 
sensitive G-proteins, 146 
sensitive protein, 128 
Pharyngeal 
abnormalities, 448 
airway, 424 
swelling, 447 
Phase, 63, 76 
post-absorptive, 98 
Phase advance, 560 

Phase angle of entrainment (PAE), 316 
Phase maps, 66-67 

Phase response curve (PRC), 65-68, 312, 561, 
563 

of light, 20 

circadian response of day/night cycle, 21 
melatonin, 315-318 
of isolated SCN, 24 
Phase shift (s), 46, 67-68 
behavior-induced, 23 
carbachol-induced, 31 
effects, 126, 128 
electrical activity, 47 
glutamate-induced, 30 
light-induced, 23, 328 
locomotor activity, 47 
Phase-shift hypothesis, 561-562 
Phenacyluridine, N 3 -, 207 
Phentolamine, 95 
Phenylephrine, 206 
Phorbol esters, 123 
Phospho-CREB (P-CREB), 30 
Phosphoenolpyruvate carboxykinase 
(PEPCK), 93, 98 
Phosphoinositide hydrolysis, 122 
Phospholipase C, 9, 122, 138 


Phosphorylation 
of serine residues, 127 
protein kinase A-induced, 127 
Photic and non-photic responses, 574 
Photic entrainment in retina/RHT, 263 
Photic information, 244, 311 
Photoneuroendocrine organ, 357 
Photoperiod, 27, 119, 556, 564-565 
annual variations in, 555 
Photoperiodic cycle, 564 
Photopigment, 72 
and phototransduction systems, 45 
Photoreception, extraretinal, 245 
Photoreceptive 
adaptation, 560 
cells, 71 
system, 313 

Photoreceptor cells, 560 
Photoreceptors, 41 
Photosensitivity 
abnormal, 560 
in SAD, 560 
Photostasis, 560 

Photosynthesis in algae, circadian rhythms 
of, 68 

Phototherapy, 340 
use of, 271 
Phrenic nucleus, 451 
Physical activity, 72, 101 
Physical exercise, 563, 569, 576 
treatment, 565 

Physiological abnormalities, 564 
Physiological rhythms, 101-102, 570 
Pia mater, 210 
Picrotoxin, 171 
binding site, 207 
Pigeons, 41-42 
Pineal, 27-28, 31 
in circadian rhythm, 52 
culture in rats, 206 
cysts, 360 
hormone, 279 
melatonin, 45^46 
oscillators, 45 
region lesions, 361 
sensitivity to light, 531 
thyroid, 73 

Pineal gland, 119,312, 357, 520 
avian, 42^43 

biosynthesis of melatonin, 51 
chick, 47 

and glucose metabolism, 99 
inhibition of prolactin, 77 
main hormone of, 263-264 
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Pineal gland ( Continued ) 
mammalian, 42, 46, 273 
parenchyma of, 272 
and melatonin secretion, 75, 555, 557 
increased, 300 

multisynaptic connection with 
hypothalamus, 92 
necessity, 41 

for overt rhythmicity, 47 
passerine, 43 

physiological sleep regulator, 295, 299 
target of sympathetic activity, 51 
Pinealectomy, 44, 82, 99, 121, 300, 361 
combined with enucleation, 41-42 
on overt clock function, 47 
Pinealocytes, 45, 272, 355 
Pittsburgh Sleep Quality Index (PSQI), 314 
Pituitary adenylate cyclase-activating 
polypeptide (PACAP), 23-27, 94 
antagonist, 30 
modulatory effects of, 30 
Pituitary gland, 502 
Pituitary, 103, 143, 148, 189, 192 
anterior, 140, 145-146, 148 
and glucose metabolism, 92, 99 
hormone secretion, 88, 99 
stimulating cells, 489 
Pituitary-glucocorticoid axis, 450 
Pituitary-gonadal function, 431 
Placebo, 304, 359, 380 
-controlled clinical studies, 303 
Placebo effect, 565, 576 
Placebo response, 566 
Plasma 

corticosterone levels, 99 
cortisol, 78-79 
FFA, 101 
glucagon, 101 
glucose, 104 
concentrations, 90, 93 
rhythm, 92, 103 
IL-6, 543 
membrane, 97 

Plasmatic circadian melatonin rhythmicity, 
264 

Polycystic ovary syndrome, 424, 439-440, 452 
Polymeric peptidoglycans, 212 
Polysomnography (PSG), 260, 314, 391-392 
24-hour, 277 

features of sleep/wake disorder, 284 
measuring tool for sleep studies, 296 
-recorded sleep in insomnia, 303 
recording method, 3 
tests, 513 


variables, 402^404 

Polyunsaturated fatty acids, C 20 -, 208 
Pontine cholinergic cells, 224, 227 
Pontine inhibitory area, 6 
Pontine reticular formation (PRF), 9, 223, 

225 

effector cells, 224 

inhibition of orexinergic neurotransmission 
in, 226 

REM-on cells of 227 
Pontine nuclei, 224 
Ponto-mesencephalic tegmentum, 296 
Portal vein, 94, 96 
Positive element clock , 48 
Positron emission tomography (PET), 
246-247, 259, 499 
Postganglionic fibers, 263 
Postmenopausal 
hormonal status, 505 
hormone therapy (HT), 453 
state, 438 

women, 437, 451, 453-455 
with SDB, 454 
Postmenopause, 439 
Postmenstrual age, 252 
Postpartum, 391, 400 
Postpartum period, 391 
Postural muscle tone, 437 
Potassium channels, 122, 124, 127 
Power spectrum analysis, 474 
Prader-Willi syndrome, 448 
Prazosin, 164, 171 
Pregnancy, 391, 400, 501 
breathing, 452 
and iron deficiency, 499 
Premenstrual Dysphoric Disorder (PMDD), 
391-393, 397 

Premenstrual syndrome (PMS), 392 
Preoptic area (POA), 208 
hypothalamic, 124 
neurons, 206 

Preoptico-anetrior hypothalamic area 
(POAH), 171-172 

Prepositus hypoglossus nucleus, 168 
Primate 

circadian clock, 250 
circadian system, 246-247 
clock, 247 
Primates, 243, 245 

Progesterone, 187, 248, 391, 424, 506, 520 
contribution to sleep, 521 
control of breathing, 451 
conversion of, 451 
deficiency, 455 
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levels of, 452, 455 
medroxyprogesterone acetate, 396 
micronized, 454 
P4, 392 

postmenopausal women with low, 437 
receptors, 451, 455 
Progestin users, 454 
Prognatism, 259 

Proinflammatory cytokines, 362, 519, 523, 
543, 548 

and T cell function, 522 
Prokineticin 2 (PK2), 23, 73 
Prokineticin-2 

Prolactin (PRL), 262, 285, 393, 423, 440, 

506 

antibodies to, 147 
circadian variation, 331 
decline, 335 

growth hormone, 77-78 
levels, 332, 372 

-inhibitory/releasing factors, 146 
release, 75, 146, 500 

influence by sleep/wake disturbances, 333 
in REM sleep, 147-148 
in RLS, 500-502 
secretion, 73, 332, 334 
at sleep onset, 334 

sleep-wake dependent processes, 328-329 
Prolonged first REMS period, 370-371 
Prolonged reaction times, 558 
Prolonged sleep latency, 369 
Propranol, 475 
Propranolol, 559 
(3-antagonist, 165 

Prostaglandin (s) (PGs), 184, 201, 208 
D 2 (PGD 2 ), 202, 208-211 
major prostanoid in the CNS, 208 
H 2 (PGH 2 ), 210 

Prostaglandin D synthase (PGDS), 209 
mRNA, 210 
Prostanoid, 208 
Protein kinases, 128 
protein kinase A (PKA), 9 
protein kinase C (PKC), 126-129, 138 
inhibitors of, 28 

inhibitor of a, p and y isoforms of, 123 
phorbol ester-stimulated PKC activity, 
123 

Protein (s) 

adenosine A1 receptor, 8 
oscillatory, 68 
per, 69 

intracellular, 9 
PAS-containing, 70 


PERIOD, 46 

phosphorylation, 120, 122 
synthesis, blockers of, 68 
Pseudorabies virus (PRV), 92 
transport, 94 
Psychiatric 
co-morbidity, 285 
disorders, 204 
Psychic 

disturbances, 564 
symptom, 564 

Psycho-immunological framework, 539 
Psychological manifestations, 538 
Psychological stress in humans, 539 
Psychoneuroendocrine-immune 
stress, 538 

Psychoneurological network, 539 
Psychosocial risk factors, 572 
seasonal, 572 
Pterin metabolites 
BH4, BH2, neopterin, 503 
Puberty, 392 
Purkinje tissue, 471 
Puromycin, 68 
Pyrogens, 212 
endogenous, 516 
Pyruvate, 297 

Q 

QRS, 472 
Quiet sleep, 3 
Quiet periods, 472 
Quiet waking, 5 
Quinone reductase, 274 

R 

R-R intervals, cardiac, 472-473 
R waves, 472 

Radioimmunoassay (RIA), 31 
Randle cycle, 98 

Raphe cell groups of the midbrain, 541 
Raphe nuclei, 203 
dorsal, 138-139, 141, 143 
median, 141 

Rapid eye movement (REM), 3, 179, 224 
density, 392 
duration, 392 

electroencephalographic patterns, 301 
intrusion behaviors, 513 
latency, 392, 415, 425, 522 
propensity, 11 
time, 447 

Reactive airway disease, 243 
Reactive oxygen, 362 
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Receptor (s), 68 
a- and (3-adrenergic, 95 
A, 8 

adenosine A2A, 8 

benzodiazepine (BZ), 123 

blockers, P-adrenergic, 301 

D1 dopamine, 246 

epidermal growth factor (EGF), 23 

estrogen, 74 

frog, 120 

G protein linked, 274 

Gi-coupled, 126 

G-protein coupled, 222 

GABA a receptor (s), 124, 126-127 

histamine HI-, 444 

ion channels, 9 

insulin, 97 

MT-2 type melatonin, 29 
melatonin, 45, 49, 51, 99 
muscarinic cholinergic (M1-M5), 9-10 
M,AChR, 32 
orexin, 223 

OX1R and OX2R, 221-223 
prolactin, 147 
ryanodine (RyR), 30 
serotonin, see serotonin receptors 
type I & II, 189-190 
xenopus, 120 
vesamicol, 9 
Recuperation 
out come of infection, 487 
transitions between sleep and arousal, 493 
REM sleep, 513, 520-522, 542 
abnormalitis, 231 
abrupt arrest, 230 
adult, 4 

behavior disorder, 276 
BFR and total REM sleep, 314 
body temperature during, 171 
carbachol-induced, 186 
cholinergic, 9 

cortisol concentrations, 546 
decrease in, 143, 145, 147, 166 
SCN-lesioned rats, 33 
density, 370, 381 
deprivation, 7 
desinhibition, 370 

discrepancy in amount and distribution of, 
327 

disrupted, 260 
dorsal raphie activity, 139 
during light phase, 226 
efect of clonidine, 164 
effect of fasting, 185 


effect of GH, 149 

effect of noradrenergic transmission, 206 
effect of prolactin, 147, 148 
episode (s) of, 4, 166, 326, 226, 228 
cataplexy-like, 221 
expression, abnormal, 221 
generation of, 168 

GHRH-induced GH release during, 332 
homeostasis, 230-231 
homeostatic sleep drive control, 76 
importance of, 180 
increases in, 142, 144, 149, 204, 207 
dose-dependent, 209 
inhibition by LC neurons, 167 
insomnia and, 285 
latency, 190-191,373, 451,554 
locus coeruleus (LC) and adrenergic 
modulation of, 163-173 
LC neurons cessation, mechanism of, 168 
NE-ergic neurons in LC, specificity to 
REM sleep, 167 

REM sleep deprivation-induced changes, 
170-173 

REM-OFF neuronal activity, 168-170 
sleep-wakefulness, 164-167 
loss, 171 

and melatonin, 276 
in matured mammals, 3 
NE release during, 167 
neonatal, 3-12 
in neonates, 212 

onset in pre-REM stage with spindles, 229 
onset in REM sleep, 229 
peak propensity for, 325 
period, 379 

phase duration, relative, 75 
physiological state of life, 59 
predominance of, 181, 296 
promotion of, 211 
rats, 148 

in rats and cats, 164 
in rat and rabbits, 147 
rebound, 11, 188 
reduced, 164-165 
reduction in, 140 
regulation, 9-10, 170 
rest/activity cycles, 270 
spontaneouos, 169, 173 
state of, 3 
stress-induced, 147 
suppression of, 139, 166 
SWS and, 137 

sympathetic activation in, 82 
and TSH, 78 
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temporal distribution of, 334 
time (s), 373, 226, 230 
hourly distribution of, 227 
withdrawal-associated effects on circadian 
rhythms, 542 

REM sleep deprivation, 7, 184, 189, 192-193 
associated health problems, 173 
behavioral change due to, 171 
methods to induce, 181-183 
disk-over water method, 182 
multiple platform method, 183 
modified multiple platform method, 183 
single platform method, 182 
NE release during, 167 
REM sleep deprivation-induced changes, 
170-173 

increase in Na-KATPase activity and 
role of NE, 171 
brain excitability, 171 
regulation of body temperature, 171-172 
food intake, 172-173 
REM/NREM cycles, 296, 333 
disturbed, 334 
REM-off cells, 225 
REM-OFF neuronal activity, 168-170 
modulation of, 167-168 
role of GABA in inhibition of, 168-169 
role of sleep and waking areas in 
controlling, 169-170 
REM-OFF neurons, aminergic, 418 
REM-on cells, 225, 227 
of LDT and PRF, 56 
REM-ON neurons, cholinergic, 418 
Renal abnormalities, 259 
Renal disease, 455 
end stage, 499 
Renal gluconeogenesis, 98 
Renin, 438, 440 

Renin-angiotensin-aldosterone system, 
nocturnal peaks of, 82 
Reproduction, cyclic variations, 19 
Reproductive 
hormonal change, 392 
hormones, 392, 394 
Respiratory 
abnormalities, 437 
neurons, 442 
rhythm, 474 
stimulant, leptin, 442 
Respiratory disturbance index (RDI), 
425-426, 430-432 
Rest/activity, 313 
patterns, 250-251 
rhythm, 531, 560 


Restless legs, 504 

Restless legs syndrome (RLS), 454, 499. see 
also RLS 

Restless legs syndrome (RLS), 

neuroendocrine correlates of, 499-508 
methodological considerations and 
research strategies, 500 
neuroendocrine studies in, 500-507 
dopamine and biopterin metabolites, 
502-503 

insulin, 506-507 
melatonin, 503-504 
orexin/hypocretin, 505 
prolactin, growth hormone and cortisol, 
500-502 
serotonin, 504 

steroid hormones/estrogen, progesterone, 
505-506 

thyroid and parathyroid hormones, 
504-505 

Reticular formation, 203, 296 
Retina, 271,311,541 
biochemical reactions in, 560 
mammalian clock genes from, 47 
melatonin 
receptors in, 120 
synthesize and release, 42 
ocular, 41 

photic stimuli from, 29 
photosensitive ganglion cells in, 71 
Retinal 
axons, 245 
cell membranes, 560 
dysfunction, 560 
ganglion cells, 23 

-SCN-pineal gland disturbances, 285 
Retinohypothalamic pathway, 79 
Retinohypothalamic tract (RHT), 244-247, 
272,311 
afferents, 51 
disruption of, 23 
in hypothalamic structures, 43 
input, 45 

light received via, 72 
monosynaptic RHT pathway, 270 
PACAP released from, 26 
pathway, 79 

photic entrainment in retina/RHT, 263 
photic information via, 126 
recipients of, 42 
retinal ganglion cells, 23 
transmission of signal of light, 31 
Rexin, 185 

Rhesus macaques, 245 
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Rheumatism, 507 
Rheumatoid arthritis, 499, 517 
juvenile, 450 
Rhinitis, 452 
Rhythm (s), 357 
amplitude of, 96, 101 
in neurotrophins, 48 

in sleep-wake and hormone secretion, 243 
behavioral, brain 2DG, 47 
circaannual, 357 

circadian, 59, 63, 357. see also Circadian 
rhythms 
circamenal, 357 
cortisol, 60 
disorder, 269 
glucose, 93, 96 
in glucose tolerance, 95 
growth hormone, 187-188 
hormone, 88 
infradian, 63, 202, 542 
melatonin, 79 
metabolic, 50 

neuroendocrine rhythms, 75-82 
overt, 67-68 
parameters of, 63 
peripheral, 47 
physiological, 101-102, 343 
seasonal or annual, 59 
ultradian, 63, 69, 542 
Rhythmic, 47 
properties, 98 

signal on the physiology, 88 
secretion of hormones, 103 
Rhythmicity, 41, 72 
physiological, 43 
in primates, 249 
of vSCN 44 

Rhythmicity in infants, development and 
regulation of, 243-253 
circadian timing system, 243-244 
expressed rhythmicity development of, 
248-249 

lighting and infants, other studies of, 
251-252 

nursery, lighting practices, 252-253 
primate circadian system, 244-245 
primate photic entrainment, development 
of, 246-247 

primate SCN development of, 245-246 
rhythmicity in premature infants, 249-250 
Rhythmometric, 540 
Rhythmometry, properties of circadian 
rhythms, 62-64 
Ritanserin, 139 


RLS, 504-508 

dopaminergic activity in, 502-503 
etiology of, 506 

idiopathic and symptomatic, 499 
in pregnancy, 506 
pathogenesis of, 499 
patients, 502, 504 
neuroendocrine correlates in, 500 
symptoms of, 503 
during pregnancy, 506 
uremic, 507 

RNA polymerase, inhibitor of, 68 
Rodent SCN cells, 243, 246 
Rods, 71 

RT-PCR studies, 120 
Ryanodine receptor (RyR), 30 
RyR inhibitor, 30 

S 

Saccadic eye-movements, 23 

Sadness, 573 

Salivary 

cortisol levels, 192 
melatonin, 504 
Schizophrenia, 204 
Sclerosis, 357 

SCN neuronal oligarchy, 72 
SCN neurons 
activity phase, 75 
sub populations of, 74 
Scoliosis, 259 
Scotophase, 81 

Seasonal affective disorder (SAD), 285, 532, 
553 

amelioration of, 558 
bright light treatment, 556-557, 574 
circadian phase in winter depression, 
560-563 

circadian phase delay, 560 
comparison of morning and evening 
light, 562 

hypersomnia, phase delay, 561 
order effect, 563 
diagnostic of, 572 
epidemiology of, 556 
effective treatment for, 576 
non-SAD, 569, 572 
pathogenesis of, 558 
gene polymorphism in, 556, 
patients, 556, 558-563, 565, 569 
personality, 569-570 
photoperiodic response in winter 
depression, 557-560 
daytime melatonin, 559-560 
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effect of melatonin administration, 
557-558 

melatonin supression, 558-559 
photosensitivity, 560 
seasonal changes in melatonin profile, 
558 

timing of light treatment, 557 
physiology of winter depression, 563-565 
physiological and psychological 
responses, 564 

physiological responses to bright light, 
563-563 

seasonality of neurovegetative 
symptoms, 564 

psychology of winter depression, 565-571 
effect of bright light for non-seasonal 
depression, 568-569 
expectations for light from lamp and 
visor, 566-567 

expectations in seasonal and non- 
seasonal depression, 569 
expectations of researchers and patients, 
568 

placebo effect, 566 
psychosocial aspects, 576 
seasonal variation of, 564 
sleep regulation, 575 
symptoms, 559, 564, 576, 
amelioration of, 558 
seasonal variation of, 564 
vegetative, 565 

winter depression and its treatment with 
light, 571 

dualistic hypotheses, 575-576 
evolutionary psychology of depression, 
571-572 

light treatment effects, 576-577 
neurochemical correlates of seasonality, 
573 

patient-physician pretreatment 
interactions, 572 

psychological correlates of seasonality, 
572 

psychosocial risk factors, 572 
serotonergic system and circadian 
physiology, 574 
serotonergic system and social 
interactions, 573-574 
social interactions and sleep, 574-575 
winter depression, sleep and seasonality, 
553-557 

contradictive results on EEG sleep, 553 
seasonality of mood, 555-556 
Seasonal 


breeders, 119 
rhythms, 80 

variations in mood, 555 
variations, 564 

Secondary antibody responses, 491 
Secretagogue receptor, 414 
Sedation, 295, 298 
Sedative, 451 

hypnotic effectsof melatonin, 123 
Seizures, 259 

Selective serotonin re-uptake inhibitors 
(SSRIs), 148, 499, 504 
administration, 139 
development and effectiveness, 137 
HPA axis activation, 141 
Selenium chloride, 210 
Senescence, 373 
Sensorimotor disorder, 499 
Sensory nerves, peripheral, 488 
Sensory pathways, 103 
Sensory systems, 204 
Septicemia, 492 
Serine residues, 127 
phosphorylation of, 127 
Serotinergic 
cell groups, 137 

control of growth hormone secretion, 149 

DRN, 224 

dysfunction, 574 

input, 23 

mechanisms, 145 

modulation, 139 

neurons, 141, 143 

neurotransmission, 573 

pathways, 574 

projections, 244 

regulation of neuroendocrine systems, 149 
regulation of sleep, 574, 576 
system, 138, 143-144, 451, 560, 574 
Serotonin, 163, 355, 504, 542, 574 
in brain, 556 

(5-HT) circadian pattern in SCN, 23 
dopamine and norepinephrine, 574 
increase in release, 23 
-induced resetting, 30 
melatonin synthesized from, 263 
metabolism, 504, 560 
modulation, 362 
modulatory effects of, 30 
neurotransmission, 576 
precursors, 148 
receptors, 137, 574 
py-subunits, 137-138 
5-HTj A autoreceptors, 139-140 
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Serotonin ( Continued ) 

5-HT 1A receptors/receptor agonists, 139, 
142-149 

regulation of sleep/wake cycle, 137-149, 
see Sleep/wake cycle 
response of SCN to, 26 
transmitters of wakefulness, 297 
Serotonin N-acetyltransferase (SNAT), 
272-274 

activity in the pineal, 31 
Serotonin releasing agents, 146 
Serotonin releasing drugs, 141 
Serum 

corticosterone levels, 490 
interleukin-6 (IL-6), 520 
leptin, 371 
levels, 519 

tumor necrosis factor alpha (TNF-a), 520 
Sex behavior, 69, 187 
Sex cycle regulation, 74 
Sex hormone (s), 187, 413, 438 
administering, 548 
binding globulin (SHBG), 423, 423 
levels of, 452 
receptors, 451 
Sex steroid, 548 
concentrations, decreased, 548 
effect on breathing, 451 
levels, 548 
progesterone, 451 
Sexual dimorphism, 371 
Sexual receptivity, 74 
Shift work, 361 

association with disordered sleep cycles, 
126 

simulated, 342 
sleep disorder, 270, 317 
sleep order, 282-283 
Shift workers, 102, 269, 278, 286 
distorted rhythms in, 339 
disturbed sleep and circadian rhythms, 
325-327 

Short stature, 259 

Short Wave Sleep (SWS), 545 

Shortened REMS latency, 370 

Sickness behavior, 489, 539 

Sigma factors, 48 

Signal, 

cholinergic resetting, 29 
circadian resetting/entraining, 23 
electrophysiological, 165 
environmental, 21 
primary neurochemical, 29 
Signaling 


pathway, glutamate, 29 
transduction, -adrenergic, 263 
Simians, 245 

Single platform method, 184 
Sinoatrial node, 471 
Sinusoidal rhythm, 63 
Skeletal paralysis, 417 
Slave oscillator, 42 
Sleep, 71, 92, 357, 539 
active sleep, 3 
alterations, 77, 487, 491 
basic mechanisms of, 548 
apnoeics, 444 
avian, 52 
behaviour, 128 
bioassays, 202 
biologic model of, 265 
in birds and mammals, 50 
and breathing, 449 
cardiac and vascular effects of, 471 
cholinergic REM, 9 

and circadian neuroendocrine function in 
SAD, 553- 

and circadian rhythms, 357 
complaints, 554 

clinical implications and future directions, 
418 

cycle (s), 275, 284 
daytime, 338, 340 

daytime alertness, and performance, 548 

debt condition, 188, 343 

delta, 187, 190 

displacement, 334 

disturbance, 299 

dysfunction, 129 

difficulties (mainly insomnia), 530 
disruption, acute and chronic, 333 
disturbance, 259, 264, 269, 449 
diurnal, 326 
drive, homeostatic, 312 
duration, 22 
early to mid, 184 
EEG, 377 

effect on hormones, 186-193 
gonadal axis, 186 
somatotropic axis, 187-189 
HPA axis and stress response, 

189-193 

efficiency, 315, 373 
emotional consequences, 415 
episodes, 334, 472 
following head injury, 280 
fragmentation, 433 
half-activated sleep, 3-5 
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historical and epidemiological perspectives, 
529-531 

homeostasis, 76, 276, 548 
impaired, 300, 373 
impairing peptide, 381 
importance of, 180 
improvement of, 303 
increased, 489 
induced hyperthermia, 184 
inducing substance, 139 
induction, 127 
in humans, 80 
in matured mammals, 3 
in neonates, 3, 10 
phasic activities, 10 
latency, 377 
loss, 181,491,493 
measures, 398 
medicine, 305 

midwinter insomnia (MI), 532 
modulation by melatonin, 123 
modulation of, 119 
and mood, 81 

mood regulation, neurobiological basis of, 
416-418 
dopamine, 417 
serotonin, 417 
norepinephrine, 417 
acetylcholine, 417-418 
narcolepsy, 539 
natural, 9 
neuroendocrine 

and behavioral correlates of, 413-418 
investigations, 529-535 
neurohormones and sleep deprivation, 
413-415 

neurophysiology and neurobiology of, 
296-297 

nighttime, 314, 338, 342 
onset, 21, 187, 334 
latency, 373 

REM period (SOREM), 513 
or termination, 564 
paradoxical, 11 
pathologies, 180 
period, 90, 373 

physiological regulation of, 276 
polar/sub-polar environments, 531 
problems, 530 
process, regulation of, 574 
promotion, 124, 515 
propensity, 32, 79, 276, 374 
problems, 298 

quantity and quality of, 548 


quality, 325 
quiet sleep, 3 
rebound, 180, 413 
reason for, 49 
regulation of, 516, 518 
regulatory mechanisms, 275 
reproductive hormones, 399 
restriction, 193 
reversal, 205 

seasonal variations in, 555 
stage (s), 275, 471 
stimulator of, 521 
stress, 193 

therapeutic manipulation of, 418 
time, 231 

Sleep aid, therapeutic, 52 
Sleep apnoea, 440 

Sleep and circadian rhythms in the blind, 
311-319 

circadian pacemaker and its regulation by 
light, 311 

circadian rhythms in the blind, 313-314 
free-running circadian rhythms, melatonin 
treatment, 315-318 
phase shifts and entrainment, 315 
melatonin administration, timing and 
dose, 315-317 

timing of treatment initiation, 317-318 
sleep disorders in the blind, 314 
sleep regulation by circadian pacemaker, 
312 

Sleep and wakefulness, 201, 208, 312, 314 
influence of orexin, 221-236 
orexin system, 222-224 
REM sleep, 224-228 
REM sleep onset inhibition by orexin, 
225-227 

progression of non-REM sleep to REM 
sleep, 227-228 

behavioral arrests and cataplexy, 228 
REM sleep and cataplexy, direct 
transitions, 230-231 
maintenance of wakefulness, 231-235 
circadian factors and wakefulness, 
232-235 

Sleep apnea, 77, 180, 428, 453, 518 
Sleep-associated cytokines, 518 
Sleep deprivation, 7, 32, 283, 295, 442, 569 
in human beings methods to induce, 
180-181 

Sleep deprivation, neuroendocrine outcomes 
of, 179-194 

REM sleep deprivation in rats, methods to 
induce, 181-183 
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Sleep deprivation ( Continued ) 
sleep deprivation in human beings methods 
to induce, 180-181 

effects on physiological systems, 184 
body temperature, 184 
metabolism and energy expenditure, 
184-186 

hormones, 186-193 
Sleep-disordered breathing (SDB) and 
hormones, 424, 437-456 
adrenocorticotrophic axis hormones, 450 
Cushing’s syndrome/disease, 450 
sleep and breathing, 450 
catecholamines, 444 

glucose and energy metabolism, 438-443 
insulin resistance and diabetes mellitus, 
438-442 
leptin, 442-443 
sex hormones, 450-456 
androgens, 454^456 
menopause, 453-454 
polycystic ovary syndrome, 452 
pregnancy, 452 
sleep and breathing, 450-452 
somatotrophic axis hormones, 446-450 
acromegaly, 447-448 
GH, IGF-I, ghrelin and somatostatin, 
446^447 

growth hormone deficiency, 448-449 
thyrotrophic axis hormones, 444-446 
hypothyroidism, 445^146 
sleep and breathing, 444-445 
Sleep disorders, 357 

role of pro-inflammatory cytokines, role 
of, 537-549 

circadian oscillation, 540-543 
influence of age, 543-548 
Sleep-disturbing hormones, 548 
Sleep-endocrine activity, 371, 375 
pathophysiology of, 369 
regulation of, 374 
Sleep-EVAL expert system, 514 
Sleep fragmentation, 

GH decrease in OSAS, 448 
Sleep hypopnoea obstructive syndrome, 193 
Sleep-inducing factors, 8 
Sleep-inducing substances in regulation of 
sleep, 201-213 

delta sleep-inducing peptide (DSIP), 

203-206 

muramyl peptides, 212-213 
prostaglandin d2, 208-211 
uridine, 206-208 
Sleep paralysis (SP), 513, 221 


Sleep pattern (s), 493 
altered, 282 
polyphasic, 233 
Sleep phase syndromes, 356 
Sleep regulation, 537, 548, 576 
insomnia, the disease and treatment, 

298- 299 

melatonin as sleep regulator in humans, 

299- 302 

melatonin efficacy in patients with 
insomnia, 302-304 
melatonin, legal status of, 305 
melatonin receptors, 120-121 
melatonin signalling, 121-123 
neurophysiology and neurobiology of 
sleep, 296-297 

pharmacological effects of melatonin, 123 
physiological modulation of sleep, 

123-128 

acute sedative effects, 123-125 
phase shifting effects, 125-126 
molecular mechanisms, 126-129 
role of melatonin in, 295-305 
Sleep syndrome, delayed phase, 81 
Sleep/wake circadian rhythms, 270 
Sleep-wake cycle, 24, 52, 202 
biological rhythm, 59 
changes in, 77 
circadian effect on, 73 
circadian fluctuation, 209 
and circadian interactions, 32-34 
circadian organization, 61 
circadian rhythm (s) and, 561, 574 
example of, 243, 245 
circadian rhythmicity, 79 
control of, 451 
cyclic variations, 19 
different states of, 179 
disruption of, 357 
endocrine system and, 516, 520 
entrain to a 24-hour period, 81 
food intake and, 185 
longer-term reentrainment of, 123 
modulation of, 137 
to modulate, 126 
regulation of, 575 
shifted, 333 

synchronization with external night period, 
295 

synchronized, 301 
ultradian rhythm of, 188 
ultrashort, 393 

Sleep/wake cycle and circadian rhythms, see 
Circadian rhythm 
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Sleep/wake cycle, serotonin and 

neuroendocrine regulation, 137-149 
growth hormone 

growth hormone release, serotonergic 
regulation, 148-149 
hypothalamic-pituitary-adrenal axis, 
140-144 

oxytocin, 144-145 
serotonergic regulation of oxytocin 
release, 144-145 
prolactin, 145-146 

prolactin release, serotonergic regulation, 
146 

serotonergic regulation of HPA axis 
serotonin neurons and receptors, 137-138 
sleep/wake cycle, serotonin, 138-140 
Sleep/wake dependent processes, 325, 327, 

343 

Sleep/wake disorder, non 24-hour, 283-286 
Sleep/wake motor regulation, 499 
Sleep-wake pattern in SAD, bright light 
treatment, 553 
Sleep/wake regulation, 88 
Sleep/wake regulation signal, humoral, 297 
Sleep/wake rhythm (s) 
abnormal, 283 
disturbances, 285 

and melatonin, 275-276, 279, 281-284, 286 
and mood disorders, 285 
synchronization of, 270 
Sleep/wake rhythms, 

Sleep/wake states, behavioral, 6 
basic physiological activities, 6 
SleepAVake System, see Wake/Sleep system 
developmental regulation of 
Sleep/wakefulness, circadian and homeostatic 
regulation of, 275 
Sleepiness or napping, 79, 317 
excessive, 454 
Sleeping disorders, 356 
Sleeping facilitator in humans, 356 
Sleeping phase, 358 

Sleep-onset REM period (SOREM), 230 
Sleep-promoting substance, 202, 374 
endogenous, 207 
prostaglandin D 2 (PGD 2 ), 210 
Sleep-related disorders, 123 
Sleep-wakefulness 

behavior and modulation of, 166-167 
modulation, 164-1661oss, 171 
Sleep-wake patterns, 262, 575 
Sleep-wake process, 521 
Sleep-wake regulation, 125, 211 
Sleep-wake rhythm, 128 


disorder, inherited, 280-281 
disturbances of, 532 
disturbed, 269 
Sleep-wake schedule, 340 
Sleep-wake states,4 
developmental features of, 3 
Sleep-wake switch, 124 
Sleep-wakefulness, 164-165, 169 
Sleep-waking patterns, 529 
Sleep-waking, 166-167, 172 
Slow wave activity, 333-334, 369 
promoter of, 332 

Slow wave sleep (SWS), 488, 490—492, 
520-521, 554 

abnormal distribution of, 284 
cycles, 33 

during depression, 369 
decrease of, 369-373, 377 
effect of GH, 149 

effect of noradrenergic transmission, 206 
increased/enhanced, 204, 207, 374, 378, 
380-381 

dose-dependent, 209 
in healthy males, 143 
in neonates, 212 
in night, 369 
in rats and humans, 139 
non-normal SWS patterns, 522 
NREM sleep stages, 3, 296-297 
occurrence of, 325 
promotion of, 211 
and REM, 203, 206 
reduced, 554 
regulation of, 574 

related problems in human, 471—481 
serotonin and neuroendocrine regulation, 
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Slow-wave activity (SWA), 369, 371, 373, 375 
Slow-wave amplitude, 490 
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sleep and circadian rhythm of melatonin 
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melatonin dysfunction, hypothesis, 263 
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octreotide, 375 
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Steroid, 450^51 
hormones, 450 
neuroactive, 413, 415 
Stimulants, respiratory, 424 
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control for, 99 

differentiated output, 89 

-DMH pathway, 104 

donor, 22 

effects of melatonin on SCN activity, 274 
efferents, 125 
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signal, 79, 90, 103-104, 297 
site of circadian pacemaker, 243 
synchronizes different organs, 102 
visual, 43-45 
-VLPO projection, 125 
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Sympathetic nervous system, 184, 471, 489 
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T helper (Th)l/Th2 cytokines, 539 
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Tension, 538 
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replacement therapy, 455 
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Tetrodotoxin (TTX), 104 
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Thermoregulatory processes, 76 
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Thoracic afferent nerves, 444 
Thoracic strain gauge, 425 
Thryrotropic axis hormones, 444 
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Vagal modulation, 474 
branches, 95 
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nerve, 94 
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Variation, 63 

Vasoactive intestinal peptide (VIP), 22, 89, 
146,415 
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Voluntary respiratory control, 437 
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Wake sleep- cycle, 24 

Wake/Sleep system developmental regulation 
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NREM sleep, neuronal regulation of, 7-9 
REM sleep, neuronal regulation of, 9-10 
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hypocretinergic (orexinergic) system, 5-6 
serotonergic system, 6-7 
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electrophysiological, 11 
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